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FOREWORD

The work described herein was done by the Westinghouse Electric
Corporation under NASA contract NAS 3-6465. Mr. R. A. Lindberg of
the Space Power Systems Division of the Lewis Research Center was
the Project Manager for the program. The report was originally is-
sued as Westinghouse report WAED 67.34EFE

The Westinghouse Electric Corporation Aerospace Electrical
Division (WAED) performed the work reported in section IV and was
responsible for the overall technical direction of the program.
The Westinghouse Research and Development Center (WR&D) performed
the work reported in sections II, III, and V. Mr. P. E. Kueser,
Manager, Materials Development, (WAEDs was the Program Manager.

In a program of this magnitude, a large group of engineers
and scientists 1s involved. The principal invegstigators and the
sections of the report in which their work is reported are as
follows:

Section II - Optimized Precipitation Hardened Magnetic Alloys
for Application in the 1000° to 1200° F Range:
Dr. K. Detert (WR&D); J. W. Toth (WAED).

Section IIT Investigation for Raising the Alpha to Gamma
Transformation Temperature in Iron-Cobalt

Alloys: Dr. K. Detert (WR&D); J. W. Toth (WAED).

Section IV - Dispersion-Strengthened Magnetic Materials for
Application in the 1200° to 1600° F Range:
Dr. R. J. Towner (WAED).

Section V - Vacuum Creep Test of Nivco Alloy: M. Spewock
(WR&D); D. H. Lane (WAED).

Other contributors and consultants who actively participated
in this project are the following: from WAED, Dr. A. C. Beller
(consultantg, Dr. D. M. Pavlovic, H. W. Banks, and R. P. Shumate;
from WR&D, Dr. G. W. Wiener (consultant), Dr. D. M. Moon,

Dr. R. Stickler, B. M. Ballough, R. B. Hewlett, and
E. H. Van Antwerp.
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SECTION 1

INTRODUCTION AND SUMMARY

This topical report presents the results of work accomplished on
one portion of the program conducted under NASA contract NAS3-
6465 concerned with the Development and Evaluation of Magnetic
and Electrical Materials Capable of Operating in the 800° to
1600°F Temperature Range. The contract comprises three parts as
follows:

Program I - Magnetic Materials for High Temperature
Operation.

Program II - High Temperature Capacitor Feasibility.

Program III- Bore Seal Development and Combined Material
Investigation Under a Space Simulated Environ-

ment.

This report is one of three reports prepared under contract NAS3-
6465. The others are High Temperature Capacitor Topical Report

(WAED 67.24E) and Bore Seal and High Temperature Electrical Mate-
rials and Components Endurance Test Topical Report (WAED 67.46E).

Program I, the subject of this topical report, is directed to-
ward the improvement and further understanding of magnetic mate-
rials suitable for application in the rotor of a generator or
motor in advanced space electric power systems.

This topical report is divided into four technical discussion
sections representing four areas of investigation.

Section II - Precipitation Hardened Magnetic Materials
for Application in the 1000° to 1200°F Range.

Investigation for Raising the Alpha to Gamma
Transformation Temperature in Cobalt-Iron
Alloys.

Section III

Section IV - Dispersion Strengthened Magnetic Materials
for Application in the 1200° to 1600°F Range.

Section V - Creep Testing of Nivco Alloy.

Each section includes a discussion of equipment and experimental
procedures utilized during that particular investigation, a pre-
References are listed in Section VI of this report and are numbered
chronologically for each technical discussion section (program task).



The appendix contains procurement information for the Nivco alloy
used in the work described in section V.

The investigation reported in section II is concerned with pre-
cipitation hardened magnetic materials in the 1000° to 1200°F
range. Two areas of specific interest are alloys from the iron
and cobalt corners of the ternary iron-cobalt-nickel-system.

The objective of this investigation is to find and evaluate an
alloy composition that displays high-creep strength at elevated
temperature as well as useful ferromagnetic properties. The
target tensile strength for the alloy at 1100°F is 125,000 psi

or higher. The target stress to produce 0.4 percent creep strain
in 1000 hours at 1100°F is 76,000 psi or greater. The target
magnetic saturation for the developmental alloy is 13,000 gauss
or better at 1100°F.

Section III presents the results of a limited investigation for
determining the feasibility of raising the alpha to gamma trans-
formation temperatures in the iron-cobalt system; thereby in-
creasing the useful magnetic applications temperature of the
system.

Section IV reports on an investigation to determine the feasi-
bility of applying the dispersion-strengthening mechanism to mag-
netic materials and then to achieve useful mechanical and mag-
netic properties in the 1200° to 1600°F range. Because these
properties are influenced differently by dispersoid particle size
and spacing, a compromise is sought which will accommodate the
requirements of high-temperature dynamic electric machines.

The objective of this investigation is to develop a dispersion-
strengthened magnetically soft material for use in the 1200° to
1600°F temperature range for rotor applications. As a goal, the
material should have the following properties at a temperature
in the range of 1200° to 1600°F preferably at the upper end of
the range:

Magnetic Saturation - 12,000 gauss, minimum
Coercive Force - 25 oersteds, maximum

Creep Strain in 10,000
hours at 10,000 psi - 0.4 percent, maximum

Section V presents the results of a creep program on Nivco alloy
which generated 10,000-hour data in a vacuum environment (less
than 1x107® torr). Nivco alloy (72% cobalt, 23% nickel, and
certain other elements) is a presently available material having
the highest useful application temperature for stressed magnetic
applications.
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The high-strength magnetic materials discussed in this report
zre suitable for operation in the 800° to 1600°F range. In de-
terwining the applicability of the new alloys identified, a com-
parison between existing alloys is of interest. Figure I-1 com-
rAres the 10,000-hour creep properties of three experimental
alloys from Larson-Miller extrapolations with two commercially
available alloys which are H-11l (5Cr-1Mo-1V-Fe) and Nivco alloy
(Co-23Ni-1.7Ti-0.4a1-0.2Z2r). For the same stress, the experi-
mental precipitation hardened (PH) martensitic alloy 1-A-S-2
(Fe-12Ni-30Co-1W-3Ta-0.4A1-0.4Ti) has higher temperature capa-
bilities than the H~-1l and is a logical replacement. The same
is true of the precipitation hardened cobalt-base alloy 1-B-S-1
(Co-5Fe—-15Ni-1.25A1-5.0Ta-0.22r) which has greatly improved creep
resistance over that exhibited by Nivco alloy.

The dispersion strengthened (DS) alloys of either cobalt-iron or
cobalt are shown as an area on the curve, and their preliminary
data suggests that they are candidates above 1200°F where pre-
cipitation hardened cobalt-base rotor material becomes marginal
in long-term stability.

A comparison of the magnetic induction of the various magnetic
materials is shown in figure I-2. It shows that a magnetic in-
duction improvement is available in both of the new precipita-
tion hardened alloys 1-A-S-2 and 1-B-S-1 over that found in

H-11 and Nivco alloy. It also indicates the magnetic induction
possible in alloys strengthened by dispersion-strengthened mech-
anisms. These alloys exhibit very good magnetic properties be-
cause the non-maghetic strengthening phase is minimized. They
are limited to higher temperature (>1200°F) because their rate
of increasing strength with decreasing temperature is lower than
the precipitation hardened alloys which are stronger at the lower
temperatures.

In applying these materials to a wide variety of high-tempera-
ture designs, a number of tradeoffs are followed which necessi-
tate quite complicated geometric programing using a computer.
This was beyond the scope of this program, but an attempt has
been made to identify application temperatures for various mate-
rials based upon a general observation in the design of high-
temperature inductor alternators where creep resistance and mag-
netic induction, in that order, set the weight of a generator.
Electric motors or lower-stressed magnetic applications may alter
this observation. Table I-1 presents the suggested magnetic
material for various temperatures and includes the present com-
mercial material suitable for this range. The advantage of the
newer, replacement alloy is summarized in a remarks column.
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TABLE I-1. Application Temperatures for Potential High
Temperature Rotor Magnetic Materials
Temperature Existing
Range Commercial Alloys
(°F) Material Evaluated Remarks
800 to 1000 H-11 1-p-5-2 Improved Electrical

1000 to 1200

1200 to 1350

1350 to 1600

(Fe-5Cr-1Mo-1V)

Nivco Alloy
(Co~23Ni-1.7Ti-
0.4A1-0.2%r)

None

None

(Fe-12Ni-30Co-
1w-3Ta-0.42A1~
0.4Ti)

1-B-5-1
(Co-5Fe-15Ni~
1.25A1-5Ta-
0.2%Zr)

DS 27Co-9.3
ThO,~Fe

DS 8.4ThO,-Co

Overload Capability,
Higher Creep Resist-

ance, Better Stability

Greatly Improved
Creep Resistance,
Better Stability

Provides a High-
Temperature, Stable
Material Not Now
Available

Provides a High-~-

Temperature, Stable
Material Not Now
Available




SECTION 1II

OPTIMIZED PRECIPITATION HARDENED MAGNETIC ALLOYS
FOR APPLICATION IN THE 1000° TO 1200°F RANGE

By K. Detert
A. INTRODUCTION

The objective of this effort was to find and evaluate an alloy
composition which displays high-creep strength as well as useful
ferromagnetic properties in the temperature range of 1000° to
1200°F. The target tensile strength for the alloy at 1100°F is
125,000 psi or better. The target stress to produce 0.4 percent
creep strain in 1000 hours at 1100°F is 76,000 psi or greater.
The 10,000-~hour stress target for 0.4 percent total creep strain
at 1100°F is 80 to 90 percent of that at 1000 hours. The target
magnetic saturation for the developmental alloy is 13,000 gauss
or better at 1100°F and a coercive force less than 25 oersteds.

Alloys in the iron and cobalt corners of the Fe-Co-Ni system were
investigated on this program. Ternary alloy compositions in
these areas should have the best magnetic properties. Certain
elements were added to the iron and cobalt base alloys to pro-
duce precipitation hardening in each system. Details of melting
practices and test methods used during this program are described
in later sections.

A screening program of a variety of alloy compositions was con-
ducted as the rfirst step in attaining this goal. The purpose of
the screening program was to find a certain region of alloy com~
position where an optimum combination of high strength and mag-
netic saturation, low coercivity, and stability of structure dur-
ing exposure at temperature could be attained. Hardness tests,
coercivity measurements and saturation measurements, after a
suitable heat treatment, and dilatometer tests were made to pro-~
vide the data for the properties and thermal stability of the
structure.

As a second phase in the screening program, six alloys of the
ferritic type and six of the cobalt-base type were prepared in

a larger button size of ~300 grams. These alloys were melted

and tested to confirm the results of the screening program, de-
fine the suitable range of alloy composition within narrow limits,
and extend the measurements of mechanical and magnetic properties.

In the final phase of the program, two ferritic alloy compositions
and two cobalt-base compositions were selected and vacuum-induc-
tion melted in the form of 15-pound ingots. Hardness, coercivity
and saturation measurements were conducted which verified the re-
sults obtained on previous tests. Then creep tests, ac and dc



magnetic tests and a kinetics study, were conducted on samples of
the ingots and the final evaluations were made.

Two general areas of basic alloy composition are regarded as the
most promising for providing alloys with the desired properties.
First, body-centered ferritic alloys of iron and cobalt contain-
ing additional alloying elements for strengthening by a precipi-
tation hardening mechanism. Second, cobalt-base alloys with al-
loying additions to obtain precipitation strengthening. The bas-
ic composition must provide magnetic saturation which is still
adequate between 1000° and 1200°F. The known data in literature
which are best reviewed in Bozorth, Ferromagnetism (ref. II-1)1,
were considered in the selection of the two areas of interest:

1) a ferritic or martensitic iron-cobalt alloy

2) a cobalt alloy

Iron-cobalt alloys with cobalt between 30 and 50 percent appear
to be the most suitable insofar as a high value of magnetization
is concerned. The magnetization dependence of iron-cobalt compo-
sitions on the cobalt content is plotted in figure II-1 from data
remeasured at the Westinghouse Laboratories. The values differ
slightly from earlier results published in the literature (refs.
IT-2, II-3, and II-4). These differences are discussed and re-
solved in section IITI of this topical report. Although peak room
temperature magnetic saturation is attained at 30 percent cobalt
and the 1112°F (600°C) magnetic saturation at 30 to 40 percent
cobalt, it was believed desirable to hold the cobalt content well
below 30 percent to avoid embrittling effects. For a similar
reason, compositions in which phase transformation results in a
hexagonal phase, as in pure cobalt, must be avoided. This may be
accomplished by the addition of at least five weight percent iron.

The basic alloy compositions which provide the required magnetic
saturation at service temperature do not possess the required
strength. Therefore, suitable alloying elements must be added to
provide a useful precipitation hardening reaction. R. F. Decker
recently presented a review of potent precipitation hardening re-
actions in high temperature alloys and in steel (refs. II-5 and
IT1-6). It is generally accepted that a precipitation process in-
volving intermetallic compounds is preferred to carbide formation
when stability at temperature is required. Of all known precipi-
tation phases which occur, only precipitation of an A3B phase ap-
pears to lead to a potent precipitation strengthening process.

This process, however, never occurs in ferritic iron-cobalt or
in face-centered cubic cobalt alloys unless a substantial amount
of nickel is present.

* References are listed separately for each section of this
topical report in section VI.
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FIGURE II-1. 1Influence of Cobalt Content on the Saturation
Magnetic Moment in the Iron-Cobalt System

In the ferritic alloys, the maraging treatment produces high
strength. This treatment also requires the presence of a cer-
tain amount of nickel in the alloy. It has been shown that mar-
tensitic alloys containing between 12 and 15 percent nickel re-
spond to the maraging treatment, providing very high strength
and good toughness (refs. II-7, II-8, II-9, and II-10). The
limitation of the commercial maraging steels, with regard to
service temperature, is caused by the instability of the parent
phase which reverts to austenite at temperatures exceeding 662°
to 932°F (350° to 500°C) depending on alloy composition. This
results in the loss of magnetic properties and a decrease in
strength (ref. II-11). One goal of the screening program con-
ducted during initial phase of this program was to find a suit-
able Fe~Co alloy composition which responded to the maraging
treatment and maintained sufficient temperature stability of the
alpha phase. Stated more specifically, the purpose of the screen-
ing program was to select a ferritic composition fulfilling the
following requirements:



1) High magnetic saturation (Bg) at the service tempera-
ture (Bg >13,000 gauss.) Or, since saturation magnetic
moments (o) was more readily measured on small speci-
mens, ¢ 2130 emu/gram at 1112°F (600°C).

2) The alpha to gamma transformation should start during
slow heating (<90°F(50°C)/min) above 1112°F (600°C).

3) A precipitation reaction occurs such that a hardness
of more than 500 VHN can be achieved during aging at
1022°F (550°C) to 1112°F (600°C).

A large variety of cobalt base alloys have been developed as high
temperature materials (refs. II-12 and II-13). These alloys are
either non-magnetic or have very poor magnetic saturation although
the range of service temperature might be well above the 1022° to
1202°F (550° to 650°C) range. A few investigations have been made
to study precipitation hardening in ferromagnetic alloys (refs.
Ir-13, 1I1-14, I1-15, and I1I-16). It appears that one can expect
very potent precipitation hardening in cobalt-base alloys only
when a face centered cubic phase in the form A3B is formed (ref.
II-6). This again requires a substantial amount of nickel present.
To obtain good creep strength, discontinuous precipitation, which
will be favored in cobalt~base alloys (refs. II-16 and II-17),
must be avoided.

The first step in the screening of the cobalt-base alloys was a
study of the influence of iron and nickel on the saturation of
binary cobalt alloys. The purpose of the screening program was
to select a cobalt-base composition fulfilling the following re-
quirements.

1) Magnetic saturation (Bg) at 1100°F (Bg >11,000 gauss),
or saturation magnecic moment (o) equal to or greater
than 100 emu/gram at 1100°F.

2) A minimum hardness of 350 VHN

3) No discontinuous precipitate forms after 100 hours
aging at 1292°F (750°C)

The screening of cobalt-base alloys was carried on simultaneously
with the screening of the martensitic type alloy. During the
first phase of the program, a total of more than 100 alloy com-
positions were melted by the levitation melting technique. The
ingots cast by this technique were small; therefore, complete
evaluation of mechanical and magnetic properties were not at-
tempted. However, a number of simple tests which could be per-
formed on very small specimens were adequate for the screening

of alloys. The coercive force and magnetic saturation were
measured on the levitation melted samples and were sufficient
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for characterizing magnetic properties. The magnetic saturation
measurements were made at room temperature and at 1112°F (600°C).
Coercivity tests were made only at room temperature. In most
cases coercivity will be less at higher test temperatures than
at room temperature. Table II-1 shows a comparison of satura-
tion, coercive force and induction at 100 ocersteds for several
commercially available alloys. These alloys have been the prime
candidates for rotor applications in high temperature alterna-
tors.

If, in the course of testing new alloys on the screening program,
higher values of magnetic saturation and lower values of coer-
civity are determined, then the permeability of the new alloy will
be better than that listed for the commercial alloys in table
IT-1.

Unfortunately, there exists no simple method of testing to pre-
dict creep properties, for creep strength is a very complex prop-
erty. High vield stress is a desirable though insufficient re-
quirement for high creep strength. Hardness measurements allow
prediction of yield strength within certain limits.

In order to obtain a high yield strength, precipitation harden-
ing was evaluated on this project. Isochronal aging with succes-
sively increasing increments in temperature was used to determine
whether age-hardening by a precipitation reaction occurred in a
specific alloy. After a homogenization annealing treatment, the

TABLE II-1. Magnetic Properties of Several High Strength
: Commercial Alloys

r Induction at
Test 100 Oersteds Coercivity Saturation | Hardness
Material Temperature (gauss) (oersteds) (gauss) (VHN)
H-11 Room 16, 400 23.9 18, 000 560
(Fe-5Cr-1. 3Mo-0. 5V-0. 40C) 792°F(425 °C) 14, 800 18. 4 15, 000
11 12°F(600°C)(a) 12,500 14.1 13,500
15% Ni Maraging Steel Room 16, 500 22.6 18,500 580
(Fe-9Co-5Mo-0. 70Ti-0. 70Al- 15Ni) 792°F(425°C) 14, 400 19.6 15, 800
1112°F(600°C){b) 10, 000 38.1 13,000
Nivco Alloy Room 10, 800 11. 46 12,500 360
(Co-23Ni-12Zr-2Ti) 792°F(425°C) 10, 200 8. 43 12,000
1112°F(600°C) 9, 800 6. 31 11,000
(a) - Carbide precipitate not stable at 600°C.
(b) - Matrix not stable at 600°C.
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samples were aged for one hour at a temperature which was in-
creased by 90°F (50°C) increments after each aging step. The
room temperature Vickers hardness was measured after each aging
step. A plot of hardness as a function of aging temperature was
made. If precipitation hardening does occur in a particular al-
loy, a maximum hardness will be obtained. The temperature at
which maximum hardness occurs represents a suitable range for age
hardening that alloy. The maximum hardness value obtained rep-
resents the level of strength which may be achieved in the alloy.

If creep strength at a certain temperature is desired, a second
requirement is that the age-hardened structure must remain es-
sentially stable. It is possible to estimate the temperature
range where structural stability can be expected by determining
the temperature where overaging occurs. Overaging is a definite
indication that the structure is changing. In many cases the
temperature range at which overaging is likely to occur is some-
what higher than the temperature range of maximum hardness de-
termined by the isochronal testing method. However, many in-
stances are known in which a decrease in yield strength occurs
at a very low or negligible rate after initial rearrangement of
the metallurgical structure. A better indication of the rate

of overaging may be obtained by isothermal aging at a specified
temperature.

Isothermal aging was also applied to alloy specimens on this pro-
gram. Specimens were aged at a constant temperature at varying
periods of time. The time intervals were chosen to approximate

a logarithmic sequence. Vickers pyramid hardness was measured

at room temperature after each isothermal aging period. The
maximum hardness was often attained in the initial stages of
aging.

The hardness when plotted on a logarithmic scale may be extrapo-
lated to indicate the decrease of hardness at time intervals be-
yond the measured periods. However, the extrapolated values may
be considered reliable estimates only for time periods which are
no more than 10 times larger than the measured periods. Coerciv-
ity, as a structure sensitive property will also be influenced by
the change of structure during overaging. Therefore, coercivity
was measured during the aging schedules. In most cases, overaging
is caused by coagulation of precipitate particles. However, it
may also be caused, in some instances as in maraging steel, by a
diffusion controlled decomposition of the ground matrix when
phase transformation is to be expected. A dilatometer test was
applied to establish the temperature range of a possible phase
transformation. By heating at a rather slow rate during the
dilatometer test, a good estimate of the transformation tempera-
ture may be obtained even when the transformation reaction is
very sluggish.

12



F.a

EXPERIMENTAL PROCEDURE AND TESTING

1. Levitation Melting

The experimental screening alloys were prepared by the levi-
tation melting technique. In general, a cylindrical com-
paction was made about 5/8-inch diameter and 3/4-inch high
with a weight of 20 to 25 grams. A pressure of 220,000 psi
was applied for one minute. Very small chips of electrolytic
grade nickel, cobalt, and iron were used. Table II-2 lists
the metals used according to supplier, trade name, and the
supplier analysis. The alloying elements present in smal-
ler percentages were added as small chips tightly wrapped

in cobalt or nickel foil. The small wrapped package was
inserted in the center of the compaction.

The levitation melting was performed in a chamber which was
first pumped down to less than 10~2 torr, then back-filled
with pure argon (10 ppm O max., 5 ppm H2, 40 ppm Hp; -85°F
dew point) to a pressure of about 700 mm mercury. The levi-
tation melting technique was recently described in detail
by W. A. Pfeifer (ref. II-18). For this study a funnel-
shaped coil of five windings was used. The frequency was

in the range of 550 kilocycles, the input energy in the
range of 3 to 5 kilowatts, and the operating voltage was
near 750 volts.

The procedure for melting consisted of heating the compac-
tions to the melting temperature within 60 seconds. After
five more seconds, the entire surface appeared molten. The
sample was kept in the molten state for eight seconds. Dur-
ing this period, the temperature increased further; an in-
dication that the sample was completely molten. Then the
molten mass was dropped into a copper mold which was posi-
tioned beneath the coil. The mold was slightly tapered to
provide a bar-shaped ingot with a 9/32-inch diameter on one
end and 5/16-inch diameter on the upper end. The ingot was
1-7/8 inches long.

The cast structure always showed a homogeneous phase as
shown in a typical photograph in figure II-2. A dendritic
growth from the outside wall into the center may be noted.
The appearance of rather large dendritic growth even after
casting in a cold mold proves that the purity and homogen-
ity of the material was very good.

A fraction of the added elements with higher vapor pressure
such as manganese, chromium, and those with activity toward
oxygen such as aluminum, titanium and beryllium, may be lost
during melting. The method of compaction and the use of
inert gas provided some protection against evaporation and

13



TABLE II-2.

(weight percent)

Analyses of Metals Used in Experimental Alloys

Material Supplier Designation Fe Co Ni Be v Ti
Iron @) The Glidden Co. Electrolytic 99.9 0.002 | 0.005 | 0,0005 0.001
Iron Alloy B
Cobait @) International Nickel Co. | Electrolytic 0.0015( 99.61 0.35
Cobalt
Nickel @ International Nickel Co. | Electrolytic 0.04 99.95
Nickel
Beryllium (b) Brush Beryllium Co. Beryllium 95
Pebbles
Titanium (b) Frankel Co. Titanium 0.25 99, 1-
Chips 99.3
Aluminum () | Alcoa Pure Alumi- | 0.05 0.007
num Bar
Manganese (b) | Foote Mineral Co. Electrolytic 0.001
Manganese
Cr Sn Sb Si Zn Ge
Chromium @) | Union Carbide Metals Elchrome 99.94 0.004
Co. HP
Tin @) Fisher Scientific Co. T-124 99.9
Tin Shot
Antimony @) | J. T. Baker Chemical Assay 99,97
Co. Sb 100
Silicon @) Electro-Metallurgical | Silicon Metal 98. 64
Co. Low Al
Zinc @) Fisher Scientific Co. Granular 99,97
Zinc Metal
Germanium (b) Westinghouse Electric Semiconductor 99,999
Corp. Grade
Niobium (@) Electro-Metallurgical | Roundals
Co.
Tantalum (@) Electro-Metallurgical Roundals

Co.

(a) - Lot analysis provided by supplier.
(b) - Typical analysis provided by supplier.
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Al

Si

Mn Other
0.003 | 0.001 |0.001 P-0.003
Pb-0, 00026
Trace
Slag 4%
Total < 0.6
0.001 |0.04 Mg-0. 002
Ga-0.01
99.9 Trace P-Not detectable
min. Heavy Metals 0. 005
max.,
Nb Ta Fe Other
0.004 S-0.006
0.005 Total foreign
metals 0.05
0.002
0.75 Al-0.05
Ca-0.01
0.01
N
99,6
min.

99.6
min.




Photograph shows dendritic growth in the
levitation melted ingot. The grains con-
tain many twins.

FIGURE II-2. Photograph of As-Cast Structure of
Cobalt-Base Alloy 1-B-4
(80Co-5Fe—-15Ni) 14X

oxidation. Therefore, it may be expected, based on the
experience gained in levitation melting practice, that

less than 20 percent of the total amount of these ele-

ments would be lost during the melting procedure.

In a few cases when difficulties were encountered in cold
rolling, master alloys were used in levitation melting the
experimental alloys. The compositions of the master alloys,
as specified by the supplier are given in table II-3. Anal-
ysis to determine the actual amount of alloying constitu-
ents in the melted ingots were not performed on the screen-
ing program. However, analyses were performed when selec-
tion of the better alloys were made later in the program.

16
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TABLE II-3. Composition of Master Alloys (a) (weight percent)
- Y ;
Material : !

Designation Supplier Fe | B 1 Nb v Si Cr Ti w Mo Be Ni Al [o] P s Sn ; Other
Ferro Boron Reading Alloys Inc. Bal , 18.54 ! 0.52
Lot 20-150 ; ; . ;

; - T ‘
Ferro Reading Alloys Inc. Bal | ; 68.6 ; : 1.501 ; 0.55 0.46| 0,057 0.031 | 0,017 0.008|Mn-0.37
Columbium : : ! | ' Ta-0.10
Lot 20-106 / ' | :

T
Ferro Reading Alloys Inc. Bal | i52.11 1, 11} 1 0.38/ 0,11 ;0.03 |0.03
Vanadium i : . v‘
Lot 20-106 ‘ ‘ ‘ !

L ] L AL

T T ;
50% Union Carbide Corp. | Bal ! 50.96 | | 0.08
Ferrosilicon | !
(Low aluminum) ,
Ferrochrome Union Carbide Corp. | Bal 0.23|72.53 0.019
(Low carbon)
70% Union Carbide Corp. | Bal 0.04 65,97 3.68; 0.05
Ferrotitanium
Ucar Union Carbide Corp. Bal 0.02 79.84| 0,01 <0.01 <0.01 |Cu-0.02
Ferrotungsten Mn-0.05
Nickel Reading Alloys Inc. 0.43 59.8 0.22 39,18 0.21] 0.034| 0,028 | 0.008|<0.003|Ta-0,1
Columbium
Lot 20-140
Nickel Reading Alloys Inc. 0.88 0.48 66, 26 31.18| 0.33{ 0.039 Cu-<0,01
Molybdenum Pb-<0.01
Lot 20-161
Beryllium Brush Beryllium Co. | <€0.12 <0.07 8-12%{ Bal | <0.07|<0.2
Nickel
(a) Composition reported by the supplier.




2. Saturation Measurements

Specimens for saturation measurements were machined from
the levitation-melted ingots. The specimens were 1/10 inch
in diameter and 1/10 inch high.

Saturation was measured in a magnetic field with a gradient
of 980 oersteds per centimeter. The mean values of the ap-
plied field was on the order of 10,000 ocersteds. The accur-
acy was within one percent. For measuring the saturation

at high temperature, a small electric resistance furnace

was placed into the gap of the magnet which was double wound
to avoid any additional field by the electric current pass-
ing through the windings. This technique reduced the re-
sidual field below 100 millioersteds. The measured satura-
tion values are presented in this report as magnetic moment
per gram (o) which may be converted to the approximate sat-
uration induction (Bg) by the equation

Bg = 4706
The density & was not determined for the experimental alloys.
A value of 8g/cc was used for the density of the ferritic
alloys and a density of B.8g/cc was used for the cobalt-
base alloys.

3. Dilatometer Tests (Transformation Temperature)

Dilatometer samples were machined to bars 1/4-inch in di-
ameter and one inch long. A drilled hole was provided in
the dilatometer specimens for thermocouple placement.

The dilatometer tests were made under high-purity argon by
heating to 1832°F (1000°C), then cooling while recording
the change in length at temperature. The heating rates ap-
plied were 90°F/min (50°C/min) or 1.8 to 3.6°F/min (1 to
2°C/min). The cooling rates were 90°F/min (50°C/min) or
9°F/min (5°C/min).

The beginning and end of a noticeable deviation in the slope
of the thermal expansion curves were recorded at the begin-
ning and end of transformation.

4, Aging Tests, Coercivity and Hardness Measurements

After dilatometer tests were performed, on the ferritic
alloys, the cast rod samples were cold rolled (~50% re-
duction) on a two~high mill with eight-inch diameter rolls
at a speed of one inch per second. The 95-mil-thick strips
were used for the aging, hardness, and coercivity tests.

18



The ferritic alloy samples were homogenized and austenitized
in an argon flushed tube furnace at 1832°F (1000°C) for 30
minutes. Then the samples underwent isochronal anneal as
follows. The samples were held for one hour at temperature
with intermittent increases of 90°F (50°C) between 842°F
(450°C) and 1202°F (650°C). A flow chart for isochronal
aging the ferritic alloys is shown in figure II-3. Aging

at each temperature was performed in a salt bath using a
neutral blend of alkali nitrates and nitrides at the lower
temperatures and alkali or alkaline chlorides at the high-
est temperatures. (See table II-4 for details.) The fur-
nace temperature was controlled within £+ 9°F (+5°C). Room
temperature hardness and coercive force were measured after
each aging interval. The cobalt-base alloys were subjected
to the isochronal aging sequence at slightly higher tempera-
ture intervals; the lowest aging temperature was 932°F
(500°C) and the highest was 1382°F (750°C).

After isochronal aging, the samples were homogenized by a
heat treatment with a slight (5%) cold reduction between
anneals. The change in room temperature hardness and coer-
cive force was measured after isothermal aging at 1022°F
(550°C) for the ferritic alloys and at 1292°F (700°C) for
the cobalt-base alloys. A flow chart showing the isothermal
aging intervals is shown in figure II-4. The total aging
time for ferritic and cobalt-base alloys was 100 hours.

TABLE II-4. Type of Salt Bath Used for the
Aging Treatments

Temperature
of Treatment

Salt Designation (&) Main Constituents

842° to 1l022°F
(450° to 550°C)

1112° to 1292°F
(600° to 700°C)

Thermosalt #311 Blend of Alkali

Nitrates and Nitrites

Thermosalt #914 Ternary Mixture of

2lkali and Alkaline

Chlorides
1382°F Thermosalt Eutectic Mixture of
(750°C) #1018 Chlorides

(a) Carmac Chemical Company Designation
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Vickers pyramid hardness was measured using a 50-kilogram
load and a 15-second indentation time. Three indentations
were made and the mean value determined. The coercivity
was measured in the Koerzimeter made by the Forster Co.,
Reutlingen, Germany (figure II-5). This instrument is cap-
able of measuring the coercive force of samples with small
or unusual geometry. The sample was magnetized in a large
field coil, the magnetizing field being 1300 oersteds. Af-
ter switching off the field, the remanent field of the sam-
ples was determined by a very sensitive field probe as seen
in figure II-6. A reverse field was then applied, increas-
ing gradually from zero until the field probe did not indi-
cate any remanent field from the sample. The measured value
of coercivity was established by four readings. The direc-
tion of the applied magnetizing field was reversed between
each reading. Coercive force measured by this method was
accurate to two percent.

5. Preparation of Vacuum-Arc Melted Buttons

Vacuum-arc melted buttons were prepared for the second stage
of the screening program. Three hundred-gram buttons of
six cobalt-base and six ferritic type alloys were prepared.
Composition limits were based on the evaluation of test re-
sults made on the levitation-melted alloys. Buttons were
melted in a vacuum-arc furnace with non-consumable tungsten
electrodes. Small pieces of the constituent metals and
master alloys were placed in copper crucibles. All of the
minor additions were added as master alloys. Table II-5
lists the metal and master alloy suppliers and the supplied
material analysis.

The vacuum-arc furnace contained a turntable with six cop-
per molds which were about three inches in diameter. These
served simultaneously as crucibles for vacuum-arc melting.
The furnace was evacuated to a pressure of less than 1x10-4
torr and then back-filled with high-purity argon to a pres-
sure of <450 torr and evacuated again. The furnace was
back-filled three times in this manner and evacuated to

less than 1x10~4 torr. Finally, the furnace was back-filled
with helium to a pressure of ~200 torr. The first alloy
button was melted in about three minutes. The arc current
was approximately 600 amps and the operating voltage was 30
volts. After melting six buttons, the furnace was opened
and the buttons were inverted. The procedure of evacuating
and back-filling was repeated and the buttons were remelted,

In general, the alloy buttons were remelted twice. 1In a few
cases when the bottom of the button did not appear smooth,
the buttons were remelted a third time. The 3-inch-dia-
meter by 400-mil-thick buttons were then cleaned by abra-
sive blasting.
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TABLE II-S5.

Compositions of Master Alloys Used in the 300-Gram Button Melts

(weight percent) (a)
Material

Designation Supplier Fe Co Ni Ta Cr Ti w Al Si Mn Cu P C Other

Electrolytic The Gidden Co. 99.9 (0.0020.005 0.001 0.003{ 0.001{0.001{ 0.001¢{ 0.003| 0.004 |S -0.004

99.9 Iron V -0.005
Be -0.0005

Electrolytic International NickelCo.| 0.0015]99.61] 0.35 0.005 0.016 |S -0.001

99.61 Cobalt Pb -0. 00026

Electrolytic International Nickel Co.{ 0.04 99.95 Trace 0.03 TracelS -Trace

99. 95 Nickel

Nickel- Union Carbide Corp. 0,15 48.06 |51.56 0.40 | 0.07 | 0.01, 0.01 |Nb-0.08

Tantalum

Low Carbon Union Carbide Corp. 72.53 0.23 0.019

Ferrochrome

Ferrotitanium | Union Carbide Corp. | 30,2®) 65.97 3.68 | 0.04 0.05

UCAV Ferro- Union Carbide Corp. 20. O(b) 79.84 0.02 | 0.05 | 0.02 |<0.01] 0.04 {P -0.01

tungsten Sn -<0.01

Nickel Reading Alloys Inc. 0.47 71.11 27.58| 0.41

Aluminum

(a) Analyses reported by supplier

(b) By Difference
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The martensitic alloys were heated for 30 minutes at 1922°F
(1050°C), then hot rolled in three passes to a thickness of
150 mils. After each pass, the slabs were put into the fur-
nace for 15 minutes. After hot rolling, the slabs were
sandblasted then cold rolled to 65-mil sheet.

The cobalt-base alloys were heated to 2012°F (1100°C) and
soaked for one hour then hot rolled in three passes to 140
mils. After each pass the slabs were heated in a furnace
for 15 minutes. After hot rolling, the slabs were reheated
for 15 minutes at 2012°F (1100°C) and cooled in air. The
slabs were then sandblasted and cold rolled to 65-mil sheet,
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Samples for saturation measurements, dilatometer tests, hard-
ness and coercivity measurements were prepared and tested in
the same manner as the levitation -melted alloys previously
described. 1Isochronal and isothermal aging were performed

as described previously with one exception. Isochronal ag-
ing of the martensitic type alloys was started at 932°F
(600°C) instead of the 842°F (450°C) starting temperature
applied to the levitation melted samples.

6. Preparation of Vacuum-Induction Melted Ingots

The four alloy compositions for the final evaluation were
vacuum induction melted in the form of 15-pound ingots.

The charge used in melting each of two large ferritic alloy
ingots weighed 8000 grams and the charge used in each of two
cobalt-base alloys weighed 8500 grams. The metals used in
the charges correspond to those listed in table II-2. The
alloying additions were obtained from master alloys as speci-
fied in table II-5.

The alloy melting was started with the Fe-Ni-Co metals in

an induction furnace using a heating coil of three windings
operating at 10,000 cycles at a nominal 50 kVA. The moltin
material was held for about one hour at a vacuum of 2x10™
torr, then one gram of Mischmetal was added. After the pres-
sure returned to 2x10-4 torr, the furnace was back-filled
with high purity argon to a pressure of 280 torr. The al-
loying elements were added as required. Nickel-zirconium
and iron-boron were the last additions. The same magnesium
oxide crucible was used for all melts. The alloys were then
cast into an iron tube ten inches long with a two-inch inside
diameter. The tube, coated with a zirconia wash, was posi-
tioned on a copper plate. A funnel shaped from refractory
brick was placed on top of the tube. After cooling, the top
of the ingots formed in this mold were cut off. After cut-
ting, each ingot weighed 7000 to 7500 grams.

The 2-inch diameter rod-shaped ingots were then used as con-
sumgble electrodes in a vacuum—arc furnace at a pressure of
107* torr. Melting was performed at the rate of one inch
per minute using an applied current of 1600 amperes. The
mold had a 3-inch inside diameter. A 7-inch long melted
ingot was obtained. After cutting the ends off, each ingot
weighed 5000 grams. The ingots were machined to give a
flaw-free finish. The ingots were placed in a furnace at
2102°F (1150°C) and soaked for one hour, then forged into
one by 2-inch bars. The bars were reheated during forging
when the temperature cooled below 1832°F (1000°C). After
forging, the bars were 17 inches long and weighed 4500 grams
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except for alloy 1-B-S-1, which had developed cracks during
forging. The end of this bar was cut off. This bar was 11
inches long and weighed 3300 grams. '

A 4-inch length of each bar was cut off and heated in an
argon-filled retort for one hour at 1922°F (1050°C). The
pieces were then hot rolled to 150-mil-thick slabs. The
slabs were reheated for 15 minutes after each pass. After
the last pass, the samples were soaked for one hour at
1922°F (1050°C) then air cooled. The slabs were then sand-
blasted to remove the scale. Samples for magnetic satura-
tion measurements were machined from the hot-rolled slabs.
The slabs were then cold-rolled to 70-mil-thick strips and
pickled in hydrochloric acid. Samples for hardness and
coercive force were taken from these strips.

7. Hot Hardness and Tensile Tests on Samples From Vacuum
Induction Melted Ingots

Hot hardness measurements were made at a pressure of 2x10-3
torr using a Vickers pyramid indenter. The applied load was
2.5 kG. Samples were held at temperature for one minute
after heating to temperature within 15 minutes.

The tensile tests were performed on a hard-beam tensile
tester at a strain rate of 5x10~> in/in/sec using flat sam-
ples with a gage length of 1-1/4 inches and a cross section
of 1/4 inch by 0.050 inch. Sensitivity was estimated at
5%10~° inches strain and 500 psi stress. When measuring at
elevated temperatures, the samples were held for 15 minutes
at temperature. Test time was about 10 minutes. Annealing
was done in helium or argon-flushed tube furnaces. Aging
was performed in salt baths as described previously.

8. DC and AC Magnetic Properties

Tests were made on specimens of the final vacuum-induction
melted alloys to determine dc and ac properties.

In order to produce the laminations for the magnetic test
rings, 70-mil-thick sheet was annealed for one hour at
1922°F (1050°C) in helium and then cross rolled to 44-mil
thickness to obtain the required 3-1/2-inch-wide strip. At
this stage the martensitic alloy strips were annealed at
1832°F (1000°C) for one hour in a helium atmosphere. The
44-mil strips were then straight-rolled in the original roll-
ing direction to a thickness of 26 mils. The strips were
then annealed for one hour at 2012°F (1100°C) in helium and
cold rolled to the final thickness of 25 mils. Rings hav-
ing an outer diameter of three inches and an inner diameter
of 2.5 inches were punched from the strip. Nine rings from
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martensitic alloy 1-A-S-2 were aged three hours at 1022°F
(550°C) in helium before testing. Ten rings punched from
the cobalt-base alloy 1-B-S-1 were annealed one hour at
2012°F (1100°C) and aged one hour at 1382°F (750°C) in
helium before magnetic testing.

The laminations were stacked and wound with Anadur? insu-
lated nickel-clad silver wire. The dc and ac properties
were determined according to a modified testing procedure
specified in ASTM A341 and A343.

Hardness was measured as the Vickers hardness number under
a load of 50 kG. The accuracy was two percent. The coer-
cive force was measured in a Forster "Koerzimeter" as pre-
viously outlined (section II.B.4) with an accuracy of two

percent. The electric resistivity was measured on strips
about 2.5-mm wide, 0.5~-mm thick, and 150-mm long by the
standard four-~blade resistance method. The temperature was

kept

constant at 77°F (25°C) within +0.18°F (+0.1°C) by

means of a coolant loop and a heater attached to a thermo-

stat.

The accuracy in determining specific resistivity was

two percent, with the limitation set by the cross section
measurements.

RESULTS AND EVALUATION

1.

Ferritic Alloys

a. SCREENING OF LEVITATION MELTED ALLOYS

More than sixty ferritic alloy compositions were melted
and tested on the screening program. The nominal compo-
sitions, in weight percent and atomic percent, are shown
in table II-6. A series of ternary alloy compositions
were melted and tested to determine the best composition
range that would provide a matrix with satisfactory mag-
netic properties, good metallurgical stability and ade-
quate composition for strengthening. Ferritic Alloys
1-A-11 to 1-A-20 were formulated for this purpose. Pre-
vious tests had been made on ternary alloys containing
15 weight percent cobalt. Alloys 1-A-1 to 1-A-10 and
1-A-26 to 1-A-61 were formulated to determine the simple
and complex addition-element combinations which would
produce precipitation hardening in the ferritic alloys.
From these alloys, the approximate composition range
that would provide a stable alloy with adequate magnetic
properties and strength, could be selected. The ferritic

¢ Trade name of the Anaconda Wire and Cable Company.
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TABLE II-6.

Nominal Composition of Martensitic Alloys

Used in the Screening Tests

Alloy
Number

Nominal Alloy Composition

(weight percent)

Nominal Alloy Composition
{atomic percent)

1-A-1
1-A-2
1-A-3
1-A-4
1-A-5
1-A-6
1-A-6W
1-A-7
1-A-8
1-A-9

1-A-10

55Fe-15Ni-25Co-5W
58Fe-15Ni-25Co-2Nb

58 Fe-15Ni-25C0-2V
58Fe-15Ni-25Co0-2Cr
59.5Fe-15Ni-25Co-0.5Al
58 Fe-15Ni-25Co0-2Be
59.5Fe-15Ni-25Co-0. 5Be
58 Fe-15Ni-25C0-2Sb
58Fe-15Ni-25C0-2Sn

58 Fe-15Ni-25C0-2Si

58Fe-15Ni~25C0-2Mn

58.21Fe-15. 10Ni-25.08Co-1.61W
59.69Fe-14. 69Ni-24. 38Co-1. 24Nb
59, 05Fe-14. 54Ni-24. 14Co-2. 23V
59. 12Fe-14. 54Ni-24. 15Co-2. 19Cr
60.41Fe-14. 49Ni-24. 05Co-1. 05A1
53, 53Fe-13. 17Ni-21. 86Co-11. 44Be
59. 17Fe-14. 19Ni-23. 56Co-3. 08Be
59, 87Fe-14.73Ni-24.45C0-0. 95Sb
59,.85Fe-14.73Ni-24. 45C0-0.97Sn
58.03Fe-14.28Ni-23.71Co-3. 98Si

59. 19Fe-14.56Ni-24. 18Co-2. 07TMn

1-A-11
1-A-12
1-A-13
1-A-14
1-A-15
1-A-16
1-A-17
1-A-18
1-A-19

1-A-20

88 Fe-12Ni
83Fe-12Ni-5Co
78 Fe-12Ni-~10Co
73Fe-12Ni-15Co
68Fe-12Ni-20Co
63Fe-12Ni-25Co
58Fe-12Ni-30Co
53Fe-12Ni-35Co
48Fe-12Ni-40Co

43Fe-12Ni-45Co

88.52Fe-11. 48Ni

83. T1Fe-11. 51Ni-4, 78Co
78.88Fe-11.54Ni-9.58Co
74.02Fe-11.57Ni-14.41Co

69.13Fe-11.60Ni-19. 27Co

64.21Fe-11.64Ni-24.
59.27Fe-11.67Ni-29.
54.31Fe-11.70Ni-33.
49.32Fe-11.73Ni-38.

44.30Fe-11.76Ni-43.

15Co
06Co
98Co
95Co

94Co

1-A-26
1-A-27
1-A-28
1-A-29
1-A-30
1-A-31

1-A-32

67Fe-12Ni-20Co-1Ti

63 Fe-12Ni-20Co-5Mo
63Fe-~12Ni-20Co0-5Ta

66 Fe-12Ni-20C0-2Nb
66Fe-12Ni-20Co-2W
67.5Fe-12Ni-20Co-0. 5Be

67.5Fe-12Ni-20C0-0. 5A1

68.01Fe-11, 58Ni-19.
65.43Fe-11,86Ni-19.
66. 37Fe-12, 03Ni-19.
67.65Fe-11, T0Ni-19,
68.06Fe-11.7TNi-19.
66.85Fe-11. 31Ni-18.

68.25Fe-11.54Ni-19.

23Co-1. 18Ti
69Co-3.02Mo
97Co-1.63Ta
42Co-1.23Nb
54Co-0.63W
T7Co-3.07Be

16Co-1.05A1
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TABLE II-6.

Nominal Composition of Martensitic Alloys

Used in the Screening Tests (Continued)

Alloy Nominal Alloy Composition

Number (weight percent)

1-A-21 54.5Fe-15Ni-'25C0-0.5Ti-5Mo

1-A-22 54.5Fe-15Ni-25C0-0.5Ti-5Ta

1-A-23 54.5Fe-15Ni-25C0-0.5Ti-2Mo-3Ta

1-A-24 54Fe-15Ni-25C0~1Nb-5Ta

1-A-25 52.5Fe-15Ni-25C0-5Ta-2Si-0. 5Be

1-A-33 54.4Fe-15Ni-25C0-0.5Be~5Ta-0. 1Mn

1-A-34 53.9Fe-15Ni-25Co-1W-5Ta-0. 1Mn

1-A-35 54.4Fe-15Ni-25C0-0.5A1-5Ta-0. 1Mn

1-A-36 53.9Fe-15Ni-25C0-0.5A1-0.5Ti-5Ta-
0. 1Mn

1-A-37 53.9Fe~15Ni-25C0-0. 5A1-0. 5Ti-2Mo-
3Ta-0.1Mn

1-A-43 55Fe-15Ni-25C0-2Mo-3Ta

1-A-44 53Fe-15Ni~25C0-2Cr-5Ta

1-A-45 57.5Fe-15Ni-25Co0-2Cr-0. 5Be

1-A-46 56 Fe-15Ni-25C0-2Cr-2Si

1-A-47 53Fe-15Ni-25C0-2vV-5Ta

1-A-48 53Fe-15Ni-25C0-2Si-5Ta

1-A-49 56 Fe-15Ni-25C0-2Si-2W

1-A-50 57Fe-15Ni-25C0-18i-2V

1-A-51 58Fe-15Ni~-25C0-18i-1Ti

1-A-52 56 Fe-15Ni~-25C0-2Mo-2W

1-A-53 54.9Fe-15Ni-25C0-15i-3Ta -0. 5A1

0.5Ti-0. 1Mn

Nominal Alloy Composition
(atomic percent)

56.74Fe-14. 8TNi-24. 69C0-0.67Ti-3. 03Mo
57.61Fe-15. 09Ni-25. 05C0-0.62Ti-1.63Ta

56 Fe-15. 22Ni-25. 27C0-0.62Ti-1. 24Mo-
1.65Ta

57.38Fe-15. 16Ni-25. 18Co-0. 64Nb-1.64Ta

52.99Fe-14.40Ni-23, 91Co-1. 56 Ta-4. 01Si -
3.13Be

56.03Fe-14.69Ni-24. 40Co-3. 19Be-1.59Ta-
0. 10Mn

57.46Fe-15. 21Ni-25. 25C0-0. 32W-1.65Ta-
0.11Mn

57.24Fe-15.01Ni-24.93Co-1.09A1-1.62Ta -
0.11Mn

56.66Fe-15.00Ni-24.91Co-1. 09A1-0.61Ti-
1.62Ta-0.11Mn

56.34Fe-14.91Ni-24.76Co-1. 08A1-0.61Ti-
1.22Mo0-0.97Ta-0. 11Mn

57, 8TFe-15.01Ni-24.92Co-1.23M0-0.97Ta
56 Fe-15.07TNi-25. 03Cr-2.27Cr-1.63Ta

57. 10Fe-14. 17Ni-23. 52Co0-2. 13Cr-3. 08Be

55.

55.

54.

56.

57.

58.

58.
56.

95Fe-14.
96 Fe-15.
75Fe-14.
82Fe-14.
49Fe-14.
51Fe-14.
50Fe-14.

31Fe-14.

26Ni-23.67Co-2.
07Ni-25.02Co-2.
79Ni-24. 56Co-4.
48Ni-24.04Co-4.
39Ni-23.90Co-2.
40Ni-23.90Co-2.
90Ni-24.75Co-1.

64Ni-24. 30Co-2.

1.06A1-0.60Ti-0. 10Mn

15Cr-3.9751
32Cr-1.63Ta
128i-1.60Ta
04Si-0.62W
01Si-2.21V
01Si-1.18Ti
22Mo-0.63W

04Si-0.95Ta-
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TABLE II-6.

Nominal Composition of Martensitic Alloyé

Used in the Screening Tests (Concluded)

Alloy Nominal Alloy Composition Nominal Alloy Composition

Number (weight percent) (atomic percent)

1-A-54 55.9Fe-12Ni-25C0-5Ta-2Si-0. 1Mn 57.85Fe-11.81Ni-24.51Co0-1.60Ta-4. 12Si-
0.11Mn

1-A-55 57 Fe-~12Ni-25Co0-5Ta-0. 5Ti-0. 5Al 59, 84Fe-11, 98Ni-24. 86Co-1, 62Ta-0, 61Ti-
1.09A1

1-A-56 57Fe-~12Ni-25C0-5Mo0-0.5Ti-0.5Al 59.0Fe-~11.81Ni-24.51Co0-3.01Mo-0.60Ti~
1.07A1

1-A-57 56 Fe~12Ni-25C0-5Ta -2W 60.06 Fe-12.24Ni-25.40C0-1.65Ta-0.65W

1-A-58 55. 9Fe-12Ni-25Co-4Ta-2W-18i-0. 1Mn 58. 89Fe-12. 03Ni-24. 95Co-1. 30Ta-0. 64W-
2. 09Si-0.10Mn

1-A-59 55.8Fe-12Ni-25C0-3Ta-2W-18i-0. 5Al- 58.07Fe-11.86Ni-24.61C0-0.96Ta-0.63W-

0.5Ti-0. IMn 2.07Si-1.08A1-0.61Ti-0. 11Mn
1-A-60 55 9Fe-12Ni-25C0-4Ta-2Si-0. 5A1- 57.1Fe-11, 66Ni-24, 18Co-1. 26Ta-4, 0551
0.5Ti-0. IMn 1.05A1-0. 60Ti-0. 10Mn

1-A-38 69.9Fe-25C0-5Ta-0. 1Mn 73.39Fe-24.88Co0-1.62Ta-0.11Mn

1-A-39 66. 49F¢-5Ni-25C0-5Ta-0. IMn 68. 32Fe-5, 01Ni-24, 94Co-1. 62Ta-0. 11Mn

1-A-40 62Fe-5Ni-25C0-5Ta-3Mn 65.24Fe-5.01Ni-24.92C0-1.62Ta-3.21Mn

1-A-41 66 Fe-25C0-5Ta-4Mn 69.26Fe-24.86Co-1.62Ta-4. 26Mn

1-A-42 59.9Fe-5Ni-25C0-5Cr-5Ta-0. IMn 62.81Fe-4.99Ni-24.84C0-5.63Cr-1.62Ta-
0.11Mn

1-A-61 57.4Fe-5Ni-25C0-5Cr-5Ta-2Si-0. 5Al- 58.64Fe-4.86Ni-24.21C0-5.49Cr-1.58Ta-

0.1Mn

4.06S8i-1.06A1-0. 10Mn
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alloy series 1-A-V-1 to 1-A-V-6, shown in table II-7 was
formulated from this screening evaluation. Additional
mechanical and magnetic tests and analyses provided data
for the selection of the final ferritic alloys 1-A-S-1
and 1-A-S-2 shown in table II-8.

The transformation temperatures of the ferritic alloys,
shown in table II-9, indicates that nickel reduces the
transformation temperature (note 1-A-48 versus 1-A-54),
The addition of cobalt increases the transformation
temperature (see 1-A-11 to 1-A-20); however, if the
cobalt content becomes too large the transformation
temperature decreases again. In the Fe-12Ni system

an addition of ~30 weight percent cobalt results in
the highest transformation temperature. It may be
noted that the addition of Cr and Mn sharply reduce

the transformation temperature of the Fe-Co-Ni alloy
(alloys 1-A-4 and 1-A-10), exhibiting the same influ-
ence as Cr and Mn have on the phase transformation in
iron. In nearly all cases of the alloys, shown in
table II1I-9, the transformation during cooling started
at temperatures below 932°F (500°C), which indicates
that the transformation must be of the martensitic

type since diffusion processes can play only minor
roles within the time periods involved during cooling.

To determine the hardening response of alloys to which
the various elements and combinations of elements were
added, isochronal aging was performed as described in
Section II.B.4. Vickers pyramid hardness and coercive
force were determined at room temperature after each
one-hour aging interval at temperatures to 1202°F
(650°C).

Data obtained from the isochronal treatment of a number
of representative alloys are plotted in figure II-7.

The data from 15% nickel maraging are plotted for com-
parison. The maximum values of room temperature hard-
ness, which were measured during this aging sequence,
are listed in table II-10 for the martensitic alloys,
together with aging temperature where maximum hardness
was obtained. The room temperature coercivity is
listed for the same aging temperature. The addition
of Ti, Mo, W, Nb, Ta, and Be had a strong effect on
age hardening when added in sufficient quantity singly
or in combination to the matrix composition. It should
also be noted that the addition of either combination
of Si+Cr (alloy 1-A-46) or Si+V (alloy 1-A-50) gave a
strong hardening effect while no such response was
obtained when the elements were added singly (alloys
1-a-3, 1-A-4, and 1-A-9).
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TABLE II-7. Composition of 300-Gram Vacuum Arc Melted
Martensitic Alloys 1-A-V-1 to 1-A-V-6

(a) Nominal Composition (weight percent)

Alloy
Number Fe Co Ni Ta Ti Al w Cu C Cr
1-A-v-1 48 30 15 4 0.5 0.5 2 - - -
1-A-v-2 66 20 10 3 0.5 0.5 - - - -
1-A-Vv-3 57.5 25 12 3.5 0.5 0.5 1 - - -
1-A-v-4 51 30 15 3 0.5 0.5 - - - -
1-A-V-5 49 30 15 3 0.5 0.5 2 - - -
1-A-V-6 60 25 5 3 0.5 0.5 1 - - 5

(b) Analyzed Composition (weight percent)

Alloy
Number Fe Co Ni Ta Ti Al w Cu C Cr
1-A-v-1 47.4 29.2 14.6 4.50 0.49 0.56 2.15 0.005 0.0057] -
1-A-V-2 65.5 20.1 9.57| 3.56 0.53 0.63 | <0.2 0. 020 0.0034| -
1-A-v-3 57.2 25.0 11. 4 4.06 0.52 0.61 1.00 0.005 0.0028] -
1-A-v-4 52.2 29.4| 14.8 3.48 0.52 0.64 | <0.2 0.006| 0.0029} -
1-A-V-5 48.6 29.8 14.5 3.48 0.54 0.62 2.10 0.005 0.0032] -
1-A-V-6 59.8 25.7 4.66 | 3.56 0.49 0.64 1.18 0.058 0.015 | 5.19

(c) Analyzed Composition (atomic percent)

Alloy
Number Fe Co Ni Ta Ti Al w Cu C Cr
1-A-v-1 bal 29. 49 14.80 | 1.48 0.61 1.24 0.70 - - -
1-A-v-2 bal 19.68 9.41) 1.14 0.64 1.35 - - - -
1-A-v-3 bal 24,84 11.37 { 1.31 0.64 1.32 0.32 ~ - -
1-A-v-4 bal 23.99 14.65 | 1.12 0.66 1.38 - - - -
1-A-V-5 bal 29.85 14.58 | 1.14 0.67 1.36 0.67 ~ - -
1-A-V-6 bal 25.29 4,601} 1.14 0.59 1.38 0.37 - - 5.79
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TABLE II-8. Composition of Final Martensitic Alloys Vacuum
Induction Melted as 15-Pound Ingots
(a) Nominal Composition (weight percent)
Allo -
Numbgr Fe Ni Co w Ta Al Ti Zr Be B C
1-A-8-1 50.3 15 30 1 3 0.3 0.4 0.003 - 0.001 -
1-A-§-2 53.2 12 30 1 3 0.4 0.4 0.003 - 0.001 -
(b) Analyzed Composition (weight percent)
Alloy )
Number Fe Ni Co \" Ta Al Ti Zr Be B C
1-A-S-1 50.2 15.3 29.1 0.92 2.90 0.27 0.42 | 0.006 - 0.002 0.0039
1-A-S-2 52.4 12.2 29.5 0.96 2.95 0.38 0.41| 0.006 - 0.002 0.0022
(c) Analyzed Composition (atomic percent)
Alloy _
Number Fe Ni Co w Ta Al Ti Zr Be B C
1-A-8-1 bal 15.25 28.89 | 0.29 0.94 0.59 0.51 - - - -
1-A-S8-2 bal 12. 14 29.23| 0.30 0.95 0.82 0.50 - - .- -

After completion of isochronal aging, the alloy samples
that indicated a hardening response were homogenized by
a double heat treatment as indicated in figure II-A4.
The samples were then subjected to isothermal aging at
1022°F (550°C) for various times up to 100 hours. The
room temperature hardness and coercive force were meas-
ured after certain aging periods. Typical curves ob-
tained by plotting these data are shown in figure II-S8.
Generally, the hardness curve passes a maximum and the
coercive force curve passes a minimum during the 100-
hour aging period.

The measured values of hardness and coercive force of
the ferritic alloys after 100 hours aging at 1022°F
(550°C) are also shown in table II-10. The change in
hardness from the maximum values obtained during the
100-hour aging at 1022°F (550°C) and the values after

100-hour aging is also given, expressed as a percent-
age of the maximum.
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TABLE II-9.

Transformation Temperature of the Martensitic Alloys

Transformation On Heating

«

!

Transformation On Coolirng

1.8 to 1to ! :

Alloy Nominal Alioy Composition 90°F/Min 50°C/Min | 3. 6°F/Min | 2°C/Min 90-F/Min | 50°C/Min I 9°F/Mir. | E"C/Min i
Number (weight percent) (°F) (°C) (°F) (°C) (°F) (°C) i (°F) =C)
1-A-1 55Fe-15Ni-25Co-5W 1425 - 1551 | 774 - 844 1087 - 1450| 586 - 788 752 - 572 400 - 300 ]I 721 - 55¢ ° 383 - 290 :
[ 1-A-2 58Fe-15Ni-25C0-2Nb 1472 - 1634 | 800 - 890 1193 - 1542E 645 - 839 916 - 662 491 - 350 ! 891 - 68C 477 - 360 ‘
1-A-3 58Fe-15Ni-25C0-2V 1472 - 1603 | 800 - 373 1112 - lSSOi 600 - 832 878 - 678 470 - 359 ' 948 - 783 - 509 - 417
1-A-4 58Fe-15Ni-25C0-2Cr 1450 - 1587 | 788 - 864 1065 - 1472: 574 - 800 828 - 628 442 - 331 x 863 - 680 462 - 360 ;
1-A-5 59. 5Fe-15Ni-25Co-0. 5Al 1521 - 1652 | 827 - 900 1164 - 1515| 629 - 824 986 - 781 530 - 416 E 1033 - 834 : 558 - 448 ;;
1-A-6 58Fe-15Ni-25C0-2Be 1548 - 1666 | 842 - 908 1447 - 1630| 786 - 888 (1326 - 1207 719 - 653 | 1517 - 1265 ‘_ 825 - 685 ;
1-A-7 58Fe-15Ni-25C0-25b 1515 - 1634 | 824 -~ 830 1175 - 1490} 635 - 810 846 - 631 452 - 333 903 - 72¢ : 484 - 387 :
1-A-8 58Fe-15Ni-25C0-2Sn 1456 - 1594 | 791 - 868 1112 - 1515! 600 - 824 932 - 709 500 - 376 ( 966 - 752 J' 519 - 400 ;
1-A-9 58Fe-15Ni-25C0-281 1434 - 1612 | 779 - 878 1195 - 1503, 646 - 817 815 - 572 435 - 300 ; 855 - 660 ‘ 457 - 354 Z
1-A-10 58Fe-15Ni-25C0-2Mn 1472 - 1618 | 800 - 881 1058 - 1450! 570 - 788 786 - 545 419 - 285 842 - 610 'r 450 - 321 ;
1-A-11 88Fe-12Ni 1240 - 1328 | 671 - 720 1143 - 1261} 617 - 683 657 - 829 347 - 443 984 - 722 : 529 - 383 .
1-A-12 83Fe-12Ni-5Co 1323 - 1386 [ 717 - 752 1207 - 1384 653 - 151 952 - 719 511 - 415 } 943 - ¢ 50¢ - 415
1-A-13 78Fe-12Ni-10Co 1386 - 1441 | 752 - 783 1207 - 1463; 653 - 795 984 - 815 529 - 435 i 997 - 826 536 - 441
1-A-14 73Fe-12Ni-15Co 1459 - 1530 {793 - 832 1249 - 1521‘ 676 - 827 |1089 - 914 587 - 490 ; 1072 - 896 ‘ 576 - 480
1-A-15 68Fe-12Ni-20Co 1494 - 1573 | 812 - 856 1175 - 1560| 635 - 849 (1157 - 972 625 - 522 | 1143 - 1006 | 617 - 541
1-A-16 63Fe-12Ni-25Co 1551 - 1639 | 844 - 893 1193 - 1585] 645 - 863 (1173 - 984 634 - 529 ;1170 - 932 632 - 500
1-A-17 58Fe-12Ni-30Co 1515 - 1634 | 824 - 890 1249 - 1582| 676 - 861 1177 - 915 636 - 524 | 1182 - 945 639 - 508
1-A-18 53Fe-12Ni-35Co 1481 - 1625 | 805 - 885 1227 - 1594 664 - 868 (1130 - 952 610 - 511 | 1155 - 1009 | 624 - 543
1-A-19 48Fe-12Ni-40Co 1472 - 1625 | 800 - 885 1157 - 1618| 625 - 881 (1107 - 921 597 - 494 | 1173 - 993 634 - 534
1-A-20 43Fe-12Ni-45Co 1463 - 1643 [ 795 - 895 1130 - 1594] 610 - 868 [1085 - 905 585 - 485 [ 1107 - 968 597 - 520
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TABLE II-9.

Transformation Temperature of the Martensitic Alloys (Continued)

[

Transformation On Heating

w

¥

Transformation On Cooling

a

¥

Allov  © Nominal Alloy Composition 190 F Min 50 C_Min 3.16. EIS-“.uli/Iin 2 1CtoMin 90 F 'Min 50 C/Min 9 F/Min 5 C/Min
Number (weight percent) | (F) ¢y (F) i) (F) (*C) (F) (C)
1-A-21 . 54. 5Fe-15Ni-25C0-0.5Ti-5Mo I1391 - 1569 | 755 - 854 1148 - 1508 | 620 - B20 603 - 324 317 - 162 597 - 356 314 - 180
1-A-22 ‘ 54.5Fe-15Ni-25C0-0. 5Ti-5Ta :1499 - 1600 | 815 - 871 1242 - 1551 {672 - B44 775 - 480 413 - 249 775 - 372 413 - 300
1-A-23 ’ 54. 5Fe-15Ni-25C0-0.5Ti-2Mo-3Ta il434 - 1594 [ 779 - 868 i 1224 - 1560 | 662 - 849 730 - 435 388 - 224 718 - 496 381 - 258
1-A-24 ‘ 34Fe-13N1-25C0-1Nh-5Ta ‘:1438 - 1603 '781 - 872 I 1249 - 1530 | 676 - 832 763 - 532 406 - 278 783 - 635 417 - 335
1-A-25 i 52.5Fe-135N1-25C0-0.5Be-5Ta-2S. l1472 - 1582 3500 - 861 1276 - 1508 | 691 - 820 642 - 471 361 - 244 752 - 514 400 - 268
1-A-26 ! 67Fe-12Nj-20Co-1Ti 1454 - 1609 3790 - 876 1317 - 1569 | 714 - 854 1006 - 829 541 - 443 |1026 - 880 552 -~ 471
1-A-27 : 63Fe-12Ni-20Cn-5Mo 1425 - 1560 | 774 - 849 1233 - 1501 | 667 - 816 788 - 555 420 - 263 768 - 451 409 - 283
1-A-28 63 Fe-12Ni-20Co0-5Ta 1494 - 1612 | 812 - 878 1310 - 1573 | 710 - 856 975 - 770 524 - 410 981 - 813 527 - 434
1-A-29 66Fe-12Ni-20Co-2Nb 1490 - 1569 - 810 - 854 1330 - 1585 I 721 - 863 968 - 795 520 - 424 984 - 820 529 - 438
1-A-30 66Fe-12Ni-20Co-2W 1472 - 1533 {800 - 834 1224 - 1542 lGﬁZ - 839 |1029 - 829 554 - 443 855 - 788 557 - 420
1-A-31 i 67, 5Fe-12Ni-20C0-0. 5Be 1494 - 1585 ' 812 - 863 1332 - 1598 | 722 - 870 984 - 817 529 - 436 |1036 - 901 558 - 483
1-A-32 67. 5Fe-12Ni-20Co0-0. 5Al 1483 - 1560 |806 - 84 1411 - 1591 | 166 - 866 |1126 - 955 608 - 513 11159 - 1038 | 626 - 559
1-A-33 54,4Fe-15Ni-25C0-0.5Be-5Ta-0,1Mn |1472 - 1617 | 800 - 881 1292 - 1553 | 700 - 845 720 - 509 383 - 265 786 - 545 419 - 285
1-A-34 53.9Fe-15Ni-25Ca-1W-5Ta-0. 1 Mn 1566 - 1668 {852 - 909 1260 - 1542 } 632 - 839 721 - 487 383 - 253 774 - 597 412 - 314
1-A-35 54,4Fe¢-13Ni-25C0-0.5A1-5Ta-0.1Mn |1485 - 1607 | 807 - 875 1270 - 1542 | 688 - 839 86 - 327 119 - 275 799 ~ 667 426 - 353
1-A-36 l 53.9Fe-15Ni-25C0-0.5A1-0.5Ti- 1485 - 1600 | 807 - 871 1292 ~ 1539 | 700 - 837 748 - 175 398 - 246 748 ~ 536 398 - 280

5Ta-0. IMn
1-A-37 33.9Fe-15Ni-25C0-0.5A1-0.5Ti- 1438 - 1593 | 781 - 867 1256 - 1553 | 680 - 845 671 - 369 355 - 187 673 - 430 356 - 221
2Mo-3Ta-0. I Mn
1-A-48 69.9Fe-25Co-5Tu-0. I1Mn 1764 - 1780 | 962 - 971 1740 - 1764|949 - Y62 |1587 - 1521 | 864 - 827 | 1726 - 1713 | 941 - 934
1-A-39 64. 9Fe-5Ni-25C0-5Ta-0. IMn 1659 - 1740 | 904 - 94y 1517 - 1717|825 - 936 | 1227 - 1072 | 664 - 578 {1351 - 1218 | 733 - 659
1-A-40 { 62Fe-5Ni-25C0-3Mn-5Ta 1584 - 1706 | 862 - 930 1292 - 1645 700 - 896 |1053 - 837 567 ~ 447 | 1155 - 972 624 - 522
1-A-41 | 66Fe-25Co-4Mn-5Ta 1622 - 1735 | 884 - 946 1416 - 1699 | 769 - 926 | 1231 - 1053 | 666 ~ 567 | 1330 - 1166 | 721 - 630
1-A-42 33.9F¢-5N1-25Cu-5Cr-5Ta~0, 1Mn 1530 - 1681 | 832 - 916 1222 - 1589 | 661 - 865 833 - 630 445 - 338 937 - 752 503 - 400




LE

TABLE II-9.

Transformation Temperature of the Martensitic Alloys (Concluded)

o

i Transformation On Heating

5

Transformation On Cooling

¥

a

Alloy Nominal Alloy Composition | 90°F /Min 50°C/Min 3.lé°8Ft/c;mn !2°é/t13ﬁn 90°F/Min_ | 50°C/Min | 9°F/iin | 3 C/Min
Number (weight percent) ("i-“) (°C) (°F) | (°C) (°F) (°C) ‘ (°F) {°C)

1-A-43 | 55Fe-15Ni-25Co-2Mo-3Ta 1 1411 - 1578? 766 - 859 | 1222 - 1535‘! 661 - 835 | 712 - 475 | 378 - 246 " 47- 518 | 397 - 270
1-A-44 | 53Fe-15Ni-25C0-2Cr-5Ta ii1425 - 1584|774 - 862 | 1112 - 1465 600 - 807 | 622 - 306 | 328 - 152 i 622 - 392 - 328 - 200
1-A-45 | 57.5Fe-15Ni-25C0-2Cr-0. 5Be 11521 - 1652| 827 - 900 | 1069 - 1398; 576 - 759 | 675- 448 . 357 - 231 | 622 - 378 1 328 - 192
1-A-46 | 56Fe-15Ni-25Co-2Cr-25i 1490 - 1609 | 810 - 876 | 1041 - 1420] 560 - 771 | 619 - 345 326 - 174 §49 - 351 | 343 - 177
1-A-47 | 53Fe-15Ni-25Co-2V-5Ta F1551 - 1652 844 - 900 | 1222 - 15032 661- 820 | 693-369  367- 187 | 705 - 478 ' 374 - 248
1-A-48 | 53Fe-15Ni-25C0-25i-5Ta 1569 - 1652| 854 - 900 | 1265 - 1521! 685 - 827 | 734 - 475 390 - 246 [ 766 - 597 <08 - 314
1-A-49 | 56Fe-15Ni-25C0-25i-2W 1503 - 1652 | 817 - 900 | 1218 - 1472{ 659 -' 800 | 727- 482 386 - 250 ! 752 - 509 : 400 - 265
1-A-50 | 57Fe-15Ni-25Co-1Si-2V 1459 - 1652] 793 - 900 | 1337 - 14992 125 - 815 | 705 - 437 ' 374 - 225 } M5 - 545 413 - 285
1-A-51 | 58Fe-15Ni-25Co-18i-1Ti 1528 - 1652| 831 - 900 | 1308 - 16i5' 709 - 830 | 837- 572  447- 300 ° 894 - 709 | 479 - 376
1-A-52 | 56Fe-15Ni-25Co-2Mo-2W 11404 - 1526 762 - 830 | 1175 - 1472} 635 - 800 | 721 -558 | 383 - 292 l 743 - 572 \i 295 - 300
1-A-53 | 54.9Fe-15Ni-23C0-3Ta-151-0.5A1-0.5Ti- 1575 - 1679 | 657 - 915 | 1260 - 1553 682 - 845 | 752 - 491 | 400 - 255 | 7T77- 572 | 4id - 300
1-A-54 | 55.9Fe-12Ni-25Co-5Ta-28i-0. IMn 1569 - 1704 | 854 - 929 | 1310 - 1605; 710 - 874 | 811 - 631 | 433 - 333 | 900 - 712 | 452 - 318
1-A-55 | 57Fe-12Ni-25C0-5Ta-0. 5Ti-0. 5Al 1596 - 1677 869 - 914 | 1382 - 16417 750 - 894 | 905 - 684 | 485 - 362 | 963 - 786 | 517 - 419
1-A-56 | 57Fe-12Ni-25C0-5Mo-0.5Ti-0.5Al 1501 - 1652| 816 - 900 | 1233 - 1551} 667- 844 | 705- 419 {374-215 | 730 - 505 | 393 - 263
1-A-57 | 56Fe-12Ni-25C0-5Ta-2W 1535 - 1670| 835 - 910 | 1292 - 1617. 700 - 881 | 815- 644 | 435 - 340 | 918- 77T | 492 - 414
1-A-58 | 55.9Fe-12Ni-25Co-4Ta-2W-15i-0.1Mn | 1517 - 1652 | 825 - 900 | 1242 - 1620 672 - 882 | 809 - 637 | 432 - 336 | 900 - 718 | 482 - 381
1-A-59 | 55.9Fe-12Ni-25C0-3Ta-2W-15i-0.5A1- | 1584 - 1681 | 862 - 916 | 1301 - 1602| 705 - 872 | 802 - 585 | 428 - 307 | 871 - 669 | 486 - 354

0.5Ti-0. 1Mn
1-A-60 gs.lsﬁ-12Ni-zscO-4Ta-ZSi-o.5A1-0.5Ti— 1542 - 1670 | 839 - 910 | 1303 - 1600| 706 - 871 | 820 - 628 | 438 - 331 | 887- 709 | 475 - 376
1-A-61 gg.4Fe-5Ni-25Co-SCr—STa-O.SAl-O.an— 1564 - 1695 | 851 - 924 | 1220 - 1587| 660 - 864 | 727 -549 | 386 - 287 | 799 - 572 | 426 - 300
1
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AGING TEMPERATURE (°F)
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FIGURE II-7.

AGING TEMPERATURE (°C)

Hardness and Coercive Force of Representative Ferritic Alloys
and 15% Ni Maraging Steel at Room Temperature after Aging One
Hour at Temperature

ROOM TEMPERATURE COERCIVE FORCE (Hc - OERSTEDS)



The results indicated that all of the tested alloys ex-
hibited overaging at 1022°F (550°C). However, the de-
gree varied among the alloys. The coercive force be-
haved in a manner similar to that shown in the 15 per-
cent or 18 percent nickel maraging steels (refs. II-19
and II-20). The increase in coercive force, after ex-
tended aging in the experimental alloys, was substan-
tially less than that of the commercial maraging steels.
In jeneral, the strong influence of increasing cobalt
content on overaging was noted. Alloys containing Ta,
W, or Nb showed less tendency to overage than alloys
containing Ti or Mo when a similar hardness was attained
in each case. Alloys containing a suitable combina-
tion of Ta+Al+Ti showed a small degree of overaging.

Results of the saturation measurements on ferritic al-
loys combining addition elements are shown in table
II-11. The method of testing was described in section
IT.B.2. The alloys containing modifier additions were
first measured in a condition where no precipitation
had occurred. Samples from the levitation melts were
measured in the as-cast condition.

The room temperature magnetic saturation differed in
only a few cases before and after aging. The satura-
tion test results, shown in figure II-9, for the
ternary alloys (1-A-11 to 1-A-20) indicate agreement
with the well known behavior of the binary alloys where
the increase in cobalt content to a certain level in-
creases the magnetic saturation especially at elevated
temperatures. In the ternary alloys containing 12
weight percent nickel, the maximum magnetic saturation
at 1112°F (600°C) was obtained when the cobalt content
was near 35 weight percent. However, the influence of
cobalt on magnetic saturation is less between 20 and

45 weight percent than at levels between 0 and 20 per-
cent. All of the alloying additions shown in table II-
11 reduced the magnetic saturation at room and elevated
temperatures. However, the influence of Ti and Be are
guite low. On the other hand, Mo, Cr, and Mn appear to
have a marked effect in reducing the magnetic satura-
tion at elevated temperature, while the depressing ef-
fect of Si, W, or V is less severe though noticeable
when the alloying addition is expressed in weight per-
cent.

A comparison was made of the influence of the modify-
ing elements based on atomic percent on the room tem-
perature magnetic saturation of samples in the annealed
condition. Table II-12 shows the change in saturation

39
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TABLE II-10.

Levitation-Melted Martensitic Alloys

Results of Isochronal and Isothermal Aging Tests on

Isochronal Tests

Isothermal Tests

(After 100 Hours at 1022°F (550°C)

Aging
Temperature Room
at which Maximum Temperature Room
Maximum Room Coercivity Room Temperature
Hardness(¢) |Temperatyre|at Maximum | Temperature | Coercivity @
Alloy Nominal Alloy Composition was obtained | gardness(b) | Hardness Hardness Heqgo AVHN
Number (weight percent) (°F) °C) | (VHNm) (0e) (VHN10) (099 (%)
For Comparison
15% Ni Maraging{71. 1Fe-15Ni-8Co-4.5Mo-0. 7A1-0. 7Ti | 1022 550 607 17.5 539 60 10
Steel
LMIO(a) 55Fe-15Ni-25C0-5Ta 1022 550 632 29 557 32.0 11
1-A-1 55Fe-15Ni-25Co-5W 932 500 610 33.5 511 27.5 10
1-A-2 58F2-15Ni-25C0-2Nb 932 500 558 27.4 494 21.0 10
1-A-38 58Fe~15Ni-25C0-2V 932 500 390 18.3 363 21.0 10
1-A-4 158Fe-15Ni-25Co-2Cr 1022 550 391 20.1 - - -
1-A-5 159.5Fe-15Ni-25C0-0. 5Al 1022 550 412 14.7 351 150 15
1-A-6W :59.5Fe-15Ni-25Co-0. 5Be 932 500 1117 19.1 451 20.0 22
1-A-7 {58 Fe-15Ni-25C0-2Sb brittle, no test brittle, no test
1-A-8 t58Fe-15Ni-25Co-2Sn brittle, no test brittle, no test
1-A-9 158 Fe-~15Ni-25Co0-2Si 842 450 468 24.2 - - -
1-A-10 |58Fe-15Ni-25C0o-2Mn 932 500 482 16,3 - - ~
1-A-26 67 Fe-12Ni-20Co-1Ti 1022 550 502 18.0 413 20 11
1-A-27 63Fe-12Ni-20Co-5Mo 1022 550 629 26.0 488 20 21
1-A-28 63Fe~12Ni-20C0-5Ta 1022 550 541 24 452 23 19
1-4-29 66 Fe~12Ni-20Co-2Nb 1022 550 538 20.5 425 21 20
1-A-30 66 Fe-12Ni-20C0-2W 1112 600 354 16 - - -
1-A-31 67.5Fe-12Ni-20Co0-0. 5Be 932 500 639 21.5 372 21 22
1-A-32 67.5Fe-12Ni-20Co0-0. 5Al 1022 550 331 11.0 - - -
1-A-21 54.5Fe-15Ni-25Co0-0. 5Ti-5Mo 932 500 684 | 29.3 553 36.7 23
1-A-22 54.5Fe-15Ni-25C0-0.5Ti-5Ta 1022 550 682 ! 30.1 598 37.8 10
1-A-23 |54.5Fe-15Ni-25C0-0. 5Ti-2Mo-3Ta 1022 550 664 1 30.0 577 43.2 11
1-A-24 54Fe-15Ni-25C0-1Nb-5Ta 932 500 649 36.0 533 34.1 11
1-A-25 52.5Fe-15Ni-25C0-0. 5Be-5Ta-25i brittle, no test brittle, no test
1-A-33 54, 4Fe-15Ni-25Co-0. 5Be-5Ta-0. IMn 1022 550 810 4.5 613 45.0 19
1-A-34 53.9Fe-15Ni-25Co~-1W-5Ta-0. 1Mn 1022 550 642 31.0 617 32.0 11
1-A-35 54.4Fe-15Ni-25C0-0.5A1-5Ta-0. 1Mn 1022 550 649 31.0 646 40.5 4
1-A-36 53.9Fe-15Ni-25Co0-0. 5A1-0. 5Ti-5Ta- .
0. IMn 1022 550 687 34.0 : 696 46.0 2
1-A-37 53.9Fe-15Ni-25C0-0. 5A1-0. 5Ti-2Mo- |
3Ta-0. 1Mn 1022 550 674 32.0 688 57.0 4

(a) Alloy LM10 was melted and tested on a previous Westinghouse program.

(b) VHN hardness obtained using a load of 50 kilograms (see Section I1. B. 4).

(c) The total aging time that a isochronal aging specimen encountered during a test may be
determined by adding one hour aging time for each 90°F (50°C) increment in temperature
starting at 842°F (450°C); e.g., for 550°C total aging time is three hours.

(d) A VHN, the change in hardness during aging at 1022°F (550°C) or E&\A{Tmm&x 100.
‘1
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TABLE II-10. Results of Isochronal and Isothermal Aging Tests on
Levitation-Melted Martensitic Alloys (Continued)

|

Isochronal Tests

Isothermal Tests

(After 100 Hours at 1022°F (550°C)

Aging T
' Temperature Room |
at which Maximum [Temperature . Room
f ¢ Maximum Room ! Coareivity l Room Temperature
' Hardness{c) Temperature [at M ..mum !Temperature Coercivity |
Alloy . Nominal Alloy Composition . was obtained | Hardness(® 1 Hardness Hardness HCIQO vuN(d)
Number (weight percent 33 GO | (VHNp) (Oe) (VHN100) (o %)
i -y
For Comparison ; |
15% Ni Maraging:71. 1Fe-15Ni-8Co-4. 5Mo-0.7A1-0. 7Ti \ 1022 ! 550 607 U 17.% 539 60 ( 10
Steel i ; L ; . |
T ] - f T -
1-A-43 '55Fe-15Ni-25C0-2Mo-3Ta 1022 550 695 ©31.0 534 40.0 "4
1-A-44 -53Fe-15Ni-25C0-2Cr-5Ta 1022 550 663 35.0 574 93.0 14
1-A-45 57.5Fe-15Ni-25C0-2Cr-0.5Be I 842 450 7 39.0 | 466 33.0 l 24
1-A-46 56 Fe-15Ni-25C0-2Cr-281 842 450 568 o 29.5 446 37.0 P18
1-A-47 153Fe-15Ni—25Co-2V-5Ta . 1022 530 677 { 31.0 607 56.0 10
1-A-48 '53Fe-15Ni-25C0-281-5Ta ! 1022 550 663 30.5 | 565 30.0 10
1-A-49 56 Fe-15Ni-25C0-281-2W ;932 500 572 30.5 452 26.5 10
1-A-50 57Fe-15Ni-25Co0-181-2V 842 450 546 29.5 450 27.5 10
1-A-51 58Fe-15Ni-25Co-181-1Ti 932 500 616 29.5 523 23.0 15
1-A-52 56 Fe ~15Ni-25C0-2Mo-2W ! 932 500 377 30.0 502 25.0 11
1-A-53 54.9Fe-15Ni-25C0-15i-3Ta-0. 5Al- |
0.5Ti-0. IMn | 1022 550 732 30.0 670 46.0 5
1-A-54 55.9Fe-12Ni-25C0-5Ta-28i-0. 1Mn brittle, no test brittle, no tes
1-A-55 57Fe-12Ni-25C0-5Ta-0. 5Ti-0. 5Al 1022 550 33.5 629 43.0 6
1-A-56 5TFe-12Ni-25C0-5Mo-0. 5Ti-0. 5Al 1022 550 732 25.0 660 51.0 13
1-A-57 56 Fe-12Ni-25Co-5Ta-2W 1022 550 629 35.0 570 33.0 11
1-A-58 55.9Fe-12Ni-25C0-4Ta -2W-18i-0. IMn | 1022 550 649 39.0 557 33.0 13
1-A-59 55,9 Fe-12Ni-25C0-3Ta-2W-18i-0. 5Ti-
0. 1Mn-0, 5A1 1022 550 692 39.0 697 48.5 2.3
1-A-60 55.9Fe-12Ni-25C0-4Ta-2Si-0. 5A1-
0.5Ti-0. IMn ) brittle, no tes% brittle, no test
)
1-A-38 69.9Fe-25C0-5Ta-0. 1IMn 1022 ] 550 l 259 ] 14.0 - - -
1-A-41 66 Fe-25C0-5Ta~4Mn brittle, no test brittle, no test
1-A-40 62Fe-5Ni-25C0~5Ta-3Mn brittle, no test brittle, no test
1-A-39 64.9 Fe-5Ni-25C0-5Ta-0. IMn brittle, no test brittle, no tes
1-A-42 59.9Fe-5Ni-25C0-5Cr-5Ta-0. IMn 1022 550 533 36.0 518 37.0 8
1-A-61 57.4Fe-5Ni-25C0-5Cr-5Ta-0. 5Al-
25i-0. IMn 1022 550 616 40.0 571 38.0 1

(a) Alloy LM10 was melted and tested on a previous Westinghouse program.

(b) VHN hardness obtained using a load of 50 kilograms (see section I1. B. 4).

(c) The total aging time that a isochronal aging specimen encountered during a test may be
determined by adding one hour aging time for each 90°F (50°C) increment in temperature
starting at 842°F (450°C); e.g., for 550°C total aging time is three hours.

{d) A VHN, the change in hardness during aging at 1022°F (550°C) or VHN] - V“Nwox 100

VHN,
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TABLE II-1l. Saturation Magnetic Moment of Martensitic
Alloys (a) Containing Addition Elements

Saturation Magnetic Moment (emu/g){(c)
After Annealing
One Hour at After Aging One Hour
1832°F (1000°C) at 1112°F (600°C)
Alloy Nominal Alloy Composition Tested at Room | Tested at Room Tested at
Number (weight percent) Temperature Temperature | 1112°F (600°C)
1-A-1 55Fe-15Ni-2f Co-5W l97.6(b) 198.9 152.7
1-A-2 58Fe -15Ni-25Co-2Nb 208. 4(b) 211.0 167.8
1-A-3 58 Fe-15Ni~25C0-2V 206 4(b) 206.5 158.4
1-A-4 58 Fe-15Ni-25Co-2Cr 204.8(b) 202.8 149.8
1-A-5 59.5Fe-15Ni-25C0-0. 5A1 212. 0(b) 204.4 168.9
1-A-6 58Fe -15Ni -25Co-2Be 194.8?3) 195.1 162.2
1-A-7 58Fe-15Ni-25Co-2Sb 210.8 b) 208.1 163.2
1-A-8 58 Fe -15Ni -25Co-25n 210. 8§b) 195.7 166. 1
1-A-9 58 Fe-15Ni-25Co0-2Si 202.0 b) 201.6 154. 1
1-A-10 | 58Fe-15Ni-25Co-2Mn 214. 0(b) 205.5 151.0
1-A-21 54.5Fe-15Ni-25Co0-0.5Ti-5Mo 183 188 143
1-A-22 54.5Fe-15Ni-25C0-0.5Ti-5Ta 191 192 158
1-A-23 54.5Fe-15Ni-25C0-0.5Ti-2Mo-3Ta 191 191 156
1-A-24 54 Fe-15Ni-25Co-1Nb-5Ta 191 193 161
1-A-25 52.5Fe-15Ni-25C0-0.5Be-5Ta-2Si 176 181 148
1-A-26 67 Fe-12Ni-20Co-1Ti 217 217 181
1-A-27 63Fe~-12Ni-20Co-5Mo 200 200 161
1-A-28 63Fe-12Ni-20C0-5Ta 205 205 171
1-A-29 66 Fe -12Ni-20Co-2Nb 212 213 175
1-A-30 66 Fe-12Ni-20Co-2W 215 215 174
1-A-31 67.5Fe-12Ni-20Co0-0.5Be 217 219 179
1-A-32 67.5Fe-12Ni-20Co0-0.5Al 220 220 177
1-A-33 54.4Fe-15Ni-25Co0-0.5Be-5Ta~0. 1Mn 191 193 160
1-A-34 53.9Fe-15Ni-25Co-1W-5Ta-0. 1IMn 192 193 156
1-A-35 54.4Fe-15Ni-25Co0-0.5A1-5Ta-0. 1Mn 193 194 161
1-A-36 53.9Fe-15Ni-25C0-0.5A1-0.5Ti-5Ta-0. IMn 188 189 156
1-A-37 53.9Fe-15Ni-25Co0-0,.5A1-0. 5Ti-2Mo-3Ta-
0.1Mn 187 186 150
1-A-38 69.9Fe-25C0-5Ta-0. 1Mn 222 221 192
1-A-39 64.9Fe-5Ni-25C0-5Ta-0. 1Mn 215 214 182
1-A-40 62Fe-5Ni-25C0-3Mn-5Ta 212 209 171
1-A-41 66 Fe-25C0-4Mn-5Ta 211 213 174
1-A-42 59.9Fe-5Ni-25C0-5Cr~5Ta-0. 1IMn 190 192 152
1-A-43 55Fe-15Ni-25C0-2Mo0-3Ta 194 192 147
1-A-44 53Fe-15Ni-25C0-2Cr-5Ta 184 176 122
1-A-45 57.5Fe-15Ni-25C0-2Cr-0.5Be 198 190 137
1-A-46 56 Fe-15Ni-25C0-2Cr-2Si 190 177 119
1-A-47 53Fe-15Ni-25C0-2V-5Ta 186 185 145
1-A-48 53Fe-15Ni-25C0-25i-5Ta 186 190 147
1-A-49 56 Fe -15Ni-25C0-28i-2W 182 181 129
1-A-50 57Fe-15Ni-25C0-1Si-2V 196 192 133
1-A-51 58Fe-15Ni-25C0-~1Si-1Ti 204 206 166
1-A-52 56 Fe-15Ni-25Co0-2Mo-2W 198 197 143
1-A-53 54.9Fe-15Ni-25C0-3Ta-15i-0. 5A1-0. 5Ti-
0.1Mn 190 192 157
1-A-54 55.9Fe-12Ni-25C0-5Ta-25i-0. 1Mn 188 192 159
1-A-55 57Fe-12Ni-25C0-5Ta-0.5Ti-0. 5A1 196 197 167
1-A-56 5TFe-12Ni-25C0-5Mo-0.5Ti-0. 5A1 192 192 160
1-A-57 56 Fe-12Ni-25C0-5Ta-2W 195 195 165
1-A-58 55.9Fe-12Ni-25C0-4Ta-2W-18i-0. 1Mn “ 191 195 161
1-A-59 55.9Fe-12Ni-25C0-3Ta-2W-18i-0.5A1~0. 5Ti-
0. 1Mn 189 192 160
1-A-60 55.9Fe-12Ni-25C0-4Ta-2Si-0.5A1-0. 5Ti-
0.1Mn 186 191 158
1-A-61 57.4Fe-5Ni-25C0-5Cr-5Ta-0.5A1-0. IMn-2Si 172 176 136

(af) All specimens were machined from cast ingots.

(b) Tested in the as cast condition.

(c) To convert Saturation Magnetic Moment to the approximate induction in gauss. multiply the
listed value by 100.
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FIGURE II-9.

COBALT CONTENT (WEIGHT PERCENT)

Influence of Cobalt Content on Saturation in a
Ternary Alloy with 12 Percent Nickel in Iron,
(Alloys 1-A-11 to 1-A-20)

for one atomic percent of the element added to the Fe-
15Ni-25Co matrix and to the Fe-12Ni-20Co matrix. These
values must be considered with caution since the atomic
percent was calculated from the nominal composition.

The latter may deviate as much as 20% of the true
of some elements, especially those very active to
gen and nitrogen (see section II.B.l.). There is
agreement between the values derived from the two

value
oxy-
good
groups

of alloys.

One notices that the influence of transition metals on
magnetic saturation increases generally with the dis-
tance in row and column from the ferromagnetic metals
Fe, Ni, and Co in the periodic table. The metals, Si,
Al, and Be behaved in a similar manner, though Be devi-
ates to some degree. It is clear that the influence of
the alloying additions is not merely a dilution effect.
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TABLE II-12. Reduction of Magnetic Saturation (emu/g) Per
Unit Atomic Percent Addition Element in_ 12
and 15 Percent Nickel Iron Matrices'?@

Change in Room Temperature Magnetic Saturation
Per Unit Atomic Percent Expressed in emu/g
60Fe-15Ni~-25Co Matrix 63Fe-1211i-25Co Matrix
(weight percent) (weight percent)
Addition 61.25Fe~14.57Ni~24.18Co 64.21Fe-11.641i-24,15Co
Element (atomic percent) (atomic percent)
Ti - 6.8 - 6.8
Mo - 8.5 - 8.2
Ta -11.0 -12.2
W -11.2 ~15.9
Nb - 6.5 -10.5
Be - 1.95 - 2.6
al - 3.8 - 4.75
v - 4.4
Cr - 4.6
Si - 3.5
Iln - 0.97
(a) Based on nominal compositions. See discussion on page 45.

b. SELECTION AND EVALUATION OF INTERMEDIATE VACUUM
ARC MELTED ALLOYS

As an additional step in the screening program, six
alloys of the martensitic type and six of the cobalt-
base type were prepared by vacuum-arc melting in a
larger button size of ~300 grams. Testing of these
alloys would verify the results of the previous screen-
ing effort, define the suitable range of alloy composi-
tion within narrow limits, and extend the measurements
of mechanical and magnetic measurements. The selection
of compositions for these alloys were made on the basis
of results from the screening tests performed on the
levitation melted alloys and described in the preceding
section. The results used for the selection of the
martensitic alloys are listed in tables II-9, II-10

and II-11.
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In the case of the martensitic alloys, the following
criteria were used in screening the alloys:

1)

2)

3)

4)

5)

Transformation should not start at a temper-
ature below the upper limit of the antici-
pated range of service temperature. There-
fore, all of the alloys which showed the
start of transformation during a slow rate

of heating (1.8° to 3.6°F), lower than 1202°F
(650°C), were eliminated.

The magnetic saturation at 1112°F (600°C)
should be well in excess of the saturation of
the best available material (Bg = 13,000
gauss at 1112°F in H-11] steel and 15 percent
nickel maraging steel). Attention was there-
fore focused only on those alloys in which
the measured magnetic moment per gram at
1112°F (600°C) was higher than 150 (equiva-
lent to Bg = 15,000 gauss).

Only those alloys which exhibited substan-
tial age hardening were considered. In order
to be comparable with commercially available
materials such as H-11] steel or 15 percent
nickel maraging steel, the hardness measured
at room temperature during isochronal or iso-
thermal aging was required to be at least 550
VHN.

The values of coercivity associated with these
hardness measurements should be relatively
low. It is difficult to select a definite
limit on the measured room temperature values.
The coercive force will decrease at elevated
temperatures (ref. II-21). Since it is dif-
ficult to predict the amount of decrease, an
arbitrary room temperature value of Ho = 50
oersteds was selected as the 1limit which
should not be exceeded even after 100 hours
aging at 1022°F (550°C).

The most important criterion is the stability
of the structure. Yet, there is no such sta-
bility in its genuine meaning, which would
forbid any diffusion controlled process to
proceed in measurable times. In all of the
alloys tested, age hardening was promoted in
the temperature range between the 842° and
1202°F (450° and 650°C). This indicated that
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the diffusion controlled precipitation - re-
action proceeds in measurable times. There-
fore, it is desirable to find conditions
which establish a certain state of structure
defined as dynamically stable. Such a state
requires that hardness and strength remain
nearly at a constant level during exposure
at temperature while some diffusion controlled
process may continue. Practically all creep
resistant alloys make use of such state of
structure.

It is common experience that such behavior is
related to the temperature at which the max-
imum hardness is obtained during isochronal
aging. The anticipated service temperature
may be higher than the temperature at which
maximum hardness is attained; however, in
those cases one has to anticipate that over-
aging will occur at prolonged exposure times
at temperature.

Therefore, it appeared reasonable to focus
attention only on those alloys exhibiting a
maximum hardness temperature of at least
1022°F (550°C). In addition, the decrease

of hardness from the maximum value obtained
during the isothermal aging at 1022°F (550°C)
to the value obtained after 100 hours should
be less than 10 percent.

In applying the listed criteria, one notices that the
commercially available 15 percent nickel maraging steel
does not fulfill or even approach these reguirements.
The screened alloys 1-A-22, 1-A-35, 1-A-36, 1-A-53,
1-aA-55 and 1-A-59 fulfill all of the requirements si-
multaneously. The alloys LM10, 1-A-23, 1-A-34, 1-A-48,
1-A-57, and 1-A-61 very nearly fulfill the requirements.
These results enable us to derive a most suitable al-
loy composition.

However, some ambiguity remained regarding the exact
amount of added elements to use for the best combina-
tion. Furthermore, one should be cautioned in assum-
ing that the nominal weight percent is the actual
amount present in the 20-gram ingots. As stated pre-
viously, deviations of 20 percent may be expected based
on previous experience with levitation melts. The re-
sults of the screening tests obtained from the levita-
tion melts provided certain ranges of the most suitable
composition and it was the purpose of the next step to
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narrow the limits of these ranges still further. The
limits of the most suitable nickel content may be de-
fined as 10 to 15 weight percent. The cobalt content
may vary between 20 and 30 weight percent. As far as
the beneficial additions of Ta, W, Si, Cr, Al, and Ti
in the above listed test alloys are concerned, Si may
be eliminated, even in advantageous combination with
other elements, for the following reasons: silicon
addif.ion has an embrittling effect, as noted in many
cases and reduces the magnetic saturation. In compar-
ing alloy 1-A-53 with 1-A-36, the former did not show
improvement in other properties when silicon was added
in similar combinations (see table II-10). Comparing
1-A-48 with LM10 (see table II-10) shows that the ad-
dition of silicon produced only marginal benefits as
far as hardness and stability were concerned.

The addition of chromium has a very detrimental effect
on stability of the o phase and on the magnetic satura-
tion. Therefore, chromium can only be tolerated as an
addition when a substantial reduction in nickel compen-
sates for the detrimental effects of chromium.

The addition of tantalum has proven beneficial in nearly
any combination tested. It should be restricted to be-
tween 3 and 4 weight percent in combination with alum-
inum and titanium at -~0.5 weight percent. There is

some doubt whether an increase in tungsten content to
two weight percent will provide enough improvement to
compensate its more drastic effect in reducing the
transformation temperature and magnetic saturation.

Because of the previously mentioned uncertainties in

the actual composition of the levitation melts, it ap-
peared impractical to try to reproduce specific alloy
composition of the levitation melts as 300-gram buttons
made by vacuum-arc melting. It appeared to be more use-
ful to design the alloy compositions for the 300-gram
buttons to obtain information about the optimum composi-
tion and its limits. Therefore, six alloys were melted
(see section II.B.5. for details) containing variations
of composition within the above specified limits. Ni
content was between 10 and 15 weight percent; Co be-
tween 20 and 30 weight percent (Cr, 1 weight percent
substituting ~2 weight percent Ni); Ta between 3 and 4
weight percent; W between 0 and 2 weight percent. Al
and Ti 0.5 weight percent each. The nominal composi-
tions of the alloys are listed in table II-7.a. The
first five alloys were designed to obtain equations for
the properties expressed as independent linear relation-
ships with the weight percent of the components Ni, Ta,
W, and Co. It was assumed that within the narrow limits
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defined, the independent linear relationship is a justi-
fied approximation. The common rule for such a pro-
cedure was followed by placing the composition of the
experimental alloys at the range limit except for one
alloy. The composition of the latter corresponded to
the mid-range guantity of each component. However,
nickel was reduced to five weight percent while intro-
ducing five weight percent chromium as in alloy 1-A-61.

The (aging response, hardness and coercive force) re-
sults (table II-13) obtained from the 300-gram vacuum
arc melted buttons indicate that this approach placed
the results in agreement with the properties antici-
pated on the basis of results obtained on the levitation
melts.

The analyzed compositions of the six martensitic alloys
(see table II-7.b) were very near the nominal composi-
tions (table II-7.a). The only noticeable differences
were the tantalum and aluminum contents; generally,
about 0.5 and 0.1 weight percent higher respectively
than expected.

Test results of magnetic saturation measurements made
on samples from the 300-gram buttons are listed in
table II-14. Saturation of the aged samples was meas-
ured at room temperature, 1112°F (600°C), and at 1202°F
(650°C). Samples of the martensitic alloys were an-
nealed for one hour at 1832°F (1000°C) then aged for
one hour at 1112°F (600°C) before testing.

TABLE II-13. Maximum Hardness Obtained by the Isochronal
Aging of Vacuum Arc Melted Martensitic
Alloys 1-A-V-1 to 1-A-V-6

Room
Aging Temperature Maximum Temperature
at Which Maximum Total Room Coercivity at
Room Temperature Aging Temperature Maximum
Alloy Nominal Alloy Composition Hardness was Obtained Time @ Hardness Hardness
Number (weight percent) (°F) (°C) (hours) (VHN) (cersteds)
1-A-V-1 | 48Fe-15Ni-30C0-2W-4Ta-0.5A1-0.5Ti 1112 600 4 732 39
1-A-V-2 | 66Fe-10Ni-20C0-3Ta-0.5A1-0.5Ti 1022 550 3 570 22
1-A-V-3 { 57.5Fe-12Ni-25Co-1W-3. 5Ta-0. 5A1- 1022 550 3 641 30.5
0.5Ti
1-A-V-4 | 51Fe-15Ni-30C0-3Ta-0.5Al-0.5Ti 1112 600 4 670 35
1-A-V-5 | 49Fe-15Ni-30C0-2W-3Ta-0.5Al- 1112 600 4 704 37
0.5Ti
1-A-V-6 | 60Fe-5Ni-5Cr-25Co0-1W-3Ta-0.5Al~ 1022 550 3 553 34
0.5Ti
a) Total aging time may be determined by adding one hour aging time for each 90°F (50°C) increment in temperature
starting at 842°F (450°C).
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Results obtained from coercive force measurements on
samples of the 300-gram buttons are shown in table II-
15. Coercive force was measured at several tempera-
tures. Two samples were taken from each of the ferri-
tic alloys for measurements. One sample was aged for
one hour at 1112°F (600°C), the other sample was sub-
jected to isothermal aging for 100 hours at 1022°F
(550°C) before testing. In the case of the isotherm-
ally aged samples, coercive force was remeasured at
room temperature after measurements at higher tempera-
tures. The results indicate a slight reduction of co-
ercive force value due to the tests at temperature.

Results of tensile tests, which were obtained on samples
from the 300-gram buttons, are shown in table II-16.

The ferritic samples were annealed one hour at 1832°F
(1000°C), then machined to size and aged for one hour
at 1112°F (600°C) before testing. The hardness of each
sample was measured at room temperature before the test.
This value is also shown in table ITI-16. The table
lists yield stress at 0.2 percent plastic elongation,
the ultimate tensile stress the uniform elongation, and
the reduction of area at fracture. Tests were performed
at room temperature and at 1112°F (600°C). Samples

were held for 15 minutes at temperature before the

start of testing. Tests at 1112°F (600°C) were con-
ducted in argon. In the room temperature tests ten-
sile specimens of the ferritic alloys with the excep-
tion of alloy 1-A-V-6 failed in a brittle manner at

the radius of the fillet before 0.2 percent plastic
elongation was reached. The stress at fracture is
listed in those cases. Ferritic tensile specimens
showed some necking when tested in 1112°F (600°C).

Hot-hardness values for samples from the 300-gram but-
tons are shown in table II-17. Samples of the ferritic
alloys were annealed one hour at 1832°F (1000°C) and
then aged for one hour at 1112°F (600°C) before test-
ing. The temperature dependence of hardness of alloys
1-A-vV-4 is shown in figure II-10.

The following requirements were set previously for se-
lecting suitable alloys from the screening program and
were applied to the selection of the final alloys for
investigation:

1) Magnetic saturation at 1112°F (600°C) equal
to or greater than 150 emu/g (15,000 guass).

2) Maximum room temperature hardness during iso-
chronal aging equal to or greater than 550 VHN.
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TABLE II-14. Saturation Magnetic Moment of 300-Gram Vacuum Arc
Melted Martensitic Alloys 1-A-V-1l to 1-A-V-6

Saturation Magnetic Moment (emu/g)(a)
After
Annealing
One Hour After Annealing One Hour at
at 1832°F 1832°F (1000°C) and Aging
(1000°C) One Hour at 1112°F (600°C)
Tested at Tested at Tested at | Tested at
Alloy Nomins]l Alloy Composition Room Room 1112°F 1202°F
Number .weight percent) Temperature Temperature | (600°C) (650°C)
I-A-V-1 48Fe- 15Ni-30C0-2W-4Ta-0. 5A1-0. 5Ti 181 183 160 149
1-A-V-2 | 66Fe-10Ni-20C0-3Ta-0.5A1-0.5Ti 208 206 172 165
1-A-V-3 57.5Fe~12Ni-25C0-1W-3.5Ta-0. 5Al-
0.5Ti 196 196 166 150
1-A-V-4 51Fe-15Ni-30C0-3Ta-0,5A1-0.5Ti 192 195 168 151
1-A-V-5 49F¢-15Ni-30C0-2W-3Ta-0. 5A1-0. 5Ti 185 187 161 153
1-A-V-6 60Fe-5Ni-5Cr-25Co-1W-3Ta-0. 5Al-
0.5Ti 184 186 150 139
(a) To convert the saluration magnetic moment to the approximate induction in gauss, multiply the
listed value by 100,

TABLE II-15. Coercive Force Measurements on 300~-Gram Vacuum
Arc Melted Martensitic Alloys 1-A-V-1 to
1-A-v-6 at Different Temperatures

Coercive Force (Oersteds)
Annealed One Hour at 1832°F (1000°C); Then
Aged One Hour at 1112°F (600°C) Before Testing
Test Temperature

Alloy Nominal Alloy Composition Room JO22°F |1112°F |1202°F |Room &
Number (weight percent) Temp. (550°C)| (600°C)| (650°C) | Temp.
1-A-V-1|48Fe-15Ni-30C0-2W-4Ta-0. 5A1-0. 5Ti 42.5 - 39.0 31.0 --
1-A-V-2 | 66Fe-~10Ni-20C0-3Ta-~0. 5A1-0.5Ti 24,0 -- 17.6 15.8 -
1-A-V-3 |57, 5Fe-12Ni-25C0-1W-3. 5Ta-~0. 5Al-

0.5Ti 32.8 -- 25.0 22.5 --
1-A-V-4 | 51Fe-~15Ni-30C0-3Ta-0. 5A1-0, 5Ti 37.0 -- 30.0 26.0 --
1-A-V-5 {49Fe- 15Ni-30C0-2W-3Ta-0. 5A1-0. 5Ti 43.0 -- 37.0 31.0 --
1-A-V-6 | 60Fe-5Ni-5Cr-25Co-1W-3Ta-0. 5Al-

0.5Ti 37.0 -- 24.5 20.0 -

Annealed One Hour at 1832°F (1000°C); Then
Aged 100 Hours at 1022°F (550°C) Before Testing

1-A-V-1 | 48Fe~15Ni-30C0-2W-4Ta-0. 5A1-0. 5Ti 62.5 56.0 51.0 48.0 63.0
1-A-V-2 | 66Fe-~10Ni-20C0-3Ta-0. 5A1-0. 5Ti 30.0 22.0 20.0 20.0 28.0
1-A-V-3{57.5Fe-12Ni-25Co-1W-3. 5Ta-0. 5Al-

0.5Ti 42.5 33.0 30.0 29.0 41.5

4 |51Fe-15Ni-30C0-3Ta-0. 5A1-0. 5Tt 48.5 48.0 | 45.5 42.0 48.0
-5 [49Fe-15Ni-30C0-2W-3Ta-0.5A1-0.5Ti 62.5 58.0 53.0 48.5 62.0
6 ] 60Fe-5Ni-5Cr-25Co-1W-3Ta-0. 5Al-

0.5Ti 37.0 22,0 20.0 18.1 32,0

(a) Room temperature results shown in the last column were measured after elevated
temperature measurements were made.
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TABLE II-16.

1-A-V-1 to 1-A-V-6

Tensile Tests(a) of 300-Gram Vacuum Arc Melted Martensitic

Room
Temperature _ 0.2% Ultimate| Uniform
Hardness Test Yield Tensile | Elonga- |Reduction
Alloy Nominal Alloy Composition 50 k G Load| Temperature | Strength Strength tion | of Area
Number (weight percent) (VHN) °F °C (psi) (psi) | (percent) | (percent)
1-A-V-1| 48Fe-15Ni-30C0-2W-4Ta-0. 5A1-0. 5Ti 747 1 251 71 650(0) - - (©
1-A-V-2 | 66Fe- 10Ni- 20Co-3Ta-0. 5A1-0. 5Ti 547 7 25 | 153 000(®) - - ()
1-A-V-3 | 57, 5Fe-12Ni-25C0- 1W-3. 5Ta-0. 5Al-
0.5Ti 642 71 25 | 148 000®) - - ()
1-A-V-4 | 51Fe- 15Ni-30Co-3Ta-0. 5A1-0. 5Ti 687 77 25 | 140 500() - - ()
1-A-V-5| 49Fe-15Ni-30C0-2W-3Ta-0. 5A1-0. 5Ti 685 7 25 | 131 800(0) - - (c)
1-A-V-6 | 60Fe-5Ni-5Cr-25C0- 1W-3Ta-0, 5A1-0, 5Ti 503 77 25 (229 650 | 239850 | 2,11 16.26
1-A-V-1| 48Fe-15Ni-30Co0-2W-4Ta-0. 5A1-0. 5Ti 747 1112 600 | 147 600 | 158 750 | 1.00 4.0
1-A-V-2 | 66 Fe-10Ni-20Co-3Ta-0. 5A1-0, 5Ti 540 1112 600 {101 200 | 115050 | 1.93 43.9
1-A-V-3 | 57.5Fe-12Ni-25Co- 1W-3. 5Ta-0. 5Al-
0.5Ti 636 1112 600 |115 300 | 129 050 | 1.43 30.6
1-A-V-4 | 51Fe-15Ni-30C0-3Ta-0. 5A1-0, 5Ti 685 1112 600 {115 750 | 133850 | 1.60 4.0
1-A-V-5 | 49Fe- 15Ni-30C0-2W-3Ta-0. 5A1-0. 5Ti 723 1112 600 {130 250 | 152800 | 1.30 5.6
1-A-V-6 | 60Fe-5Ni-5Cr-25C0-1W-3Ta-0. 5A1-0. 5Ti 510 1112 600 | 97950 | 104650 | 1.06 76. 4

(b) Fracture stress

fc) Broke at radius of fillet in a brittle manner

{(a) Samples were annealed one hour at 1832°F (1000°C), machined to size and then aged one hour at 1112°F (600°C)
before testing.




TABLE II-17. Hot Hardness Measurements (@) on Samples of
300-Gram Vacuum-Arc Melted Martensitic Al-
loys 1-A-V-1 to 1-A-V-6 after Annealing One
Hour at 1832°F (1000°C) and Aging One Hour
at 1112°F (600°C).

Hot Hardness (VHN)
Test Temperature
Alloy Nominal Alloy Composition 1112°F 1202°F |AVHN
Number (weight percent) (600°C) (650°C) b)
1-A-V-1 48Fe-15Ni-30Co0-2W-4Ta-0.5A1-0. 5Ti 340 267 -73
1-A-V-2 66Fe-10Ni-20C0-3Ta-0.5A1-0. 5Ti 268 193 -5
1-A-V-3 57.5Fe-12Ni-25Co-1W-3.5Ta-0.5A1-0.5Ti 322 252 -70
1-A-V-1 51Fe-15Ni-30C0-3Tu-0.5A1-0. 5Ti 338 215 -125
1-A-Vv-5 49Fe-15Ni-30C0-2W-3Tu-0.5A1-0. 5 Ti 355 250 -105
1-A-V-6 60Fe-5Ni-5Cr-25Co~-1W-3Ta-0.5A1-u. 5Ti 242 157 -85
(a) All measurements were tiade under vacuum of 2 x 10-5 torr at a load of 2.5 kG.
(h) AVHN = VHN650 - VHNGOO
3) Temperature at which maximum hardness was ob-

tained equal to or greater than 1022°F (550°C).

4) Room temperature coercive force even after
100 hours aging at 1022°F (550°C) equal to
or less than 50 oersteds.

5) The decrease in hardness during isothermal
aging at 1022°F (550°C) from the maximum
value should be less than 10 percent.

The requirements listed in 1, 2, and 3 were fulfilled

by all selected alloys. Alloys 1-A-V-1 and 1-A-v-5 did
not fulfill requirement 4. This may be due to the higher
amount of tantalum and aluminum additions than expected.
Alloy 1-A-V-2 doves not meet requirement 5. The results
very clearly show the influence of cobalt on stability
and coercive force. The higher cobalt content produces
better thermal stability, but the coercive force in-
creases. Chromium addition resulted in lower coercive
force.
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However, stability of hardness and saturation of alloy
1-A-V-6 is less than alloys 1-A~-V-3 and 1-A-V-4. The
latter two alloys were selected for the final alloy

compositions with some minor adjustments.

chosen at 30 percent to give better stability.
and Ti were reduced to decrease that coercive force.

Cobalt was

Ta, Al,

The coercive force measurements at elevated temperature
show that in the case of the iron-base alloys containing

30 percent cobalt (1-a-v-1, 1-A-V-4,

1-A-v-5),

the reduc-

tion of coercive force from room temperature to 1112°F
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(600°C) is between 15 and 20 percent; while in alloy
1-A-V-6 which contains chromium, the reduction is more
than 30 percent. One may conclude that a further re-
finement in alloy development would be a suitable bal-
ance between tolerable coercive force and stability in
strength. This balance may be obtained by adjusting the
cobalt content versus aluminum and chromium content. An
additional measure to keep the coercive force down would
be the application for -5 percent plastic strain prior
to aging.

Cobalt-Base Alloys

a. SCREENING OF LEVITATION MELTED ALLOYS

More than forty cobalt-base alloys were melted and
tested during the first portion of the screening pro-
gram. Nominal compositions of the cobalt-base alloys
are shown in table II-18. No tests were made on binary
Co-Ni alloys because of the existence of the hexagonal
phase at room temperature which prevents achievement

of magnetic saturation with the available magnetizing
field. Alloys 1-B-1 to 1-B-12 were formulated to de-
termine the relative effect of iron and nickel on the
room and elevated temperature magnetic saturation of

the ternary cobalt-base alloys; thereby establishing

the range of useful matrix compositions for precipita-
tion hardening and fix the approximate range of com-
position which would provide a stable alloy with ade-
quate strength and magnetic properties. Alloys 1-B-13
to 1-B-15 were formulated to determine the effect of
precipitation hardening elements on several matrix
compositions. Alloys 1-B-21 to 1-B-32 were formulated
to determine the effect of iron, zirconium, and the
aluminum to titanium ratio on the precipitation harden-
ing process. Alloys 1-B-33 to 1-B-46 were tested to
determine the effect of addition elements on the preci-
pitation hardened matrix containing Al+Ti+Zr. The series
1-B-v-1 to 1-B-V-6 shown in table II-19 were melted in
larger size buttons. Additional mechanical and magnetic
tests and analyses on alloys 1-B-V-1 to 1-B-V-6 provided
data for the selection of the final alloys 1-B-S-1 and
1-B-S-2 (compositions shown in table II-20).

The results from alloy 1-B-1 to 1-B-12 show (see figure
II-11) that increasing nickel content decreases mag-
netic saturation values at room temperature and even
more so at 1112°F (600°C). Iron increases the magnetic
saturation at room temperature as reported in the 1lit-
erature (ref. II-22). However, the influence of iron
on magnetic saturation is negligible at 1112°F (600°C).
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TABLE II-18. Nominal Compositions of Cobalt~Base Alloys
Used in the Screening Tests(a)

Alloy Nominal Alloy Composition Nominal Alloy Composition
Number (weight percent) (atomic percent)
1-B-1 95Co-5Fe 94, 74Co-5. 26Fe
1-B-2 90C:)-5Ni~5Fe 84, 52Co0-4. 99Ni-10. 49Fe
1-B-3 85Co-10Ni-5Fe 84, 73Co-10. 01Ni-5. 26Fe
1-B-4 80Co-15Ni-5Fe 79. 73Co-15. 01Ni-5. 26Fe
1-B-5 75C0-20Ni-5Fe 74. 73Co0-20. 01Ni-5. 26Fe
1-B-6 70Co0-25Ni-5Fe 69. T4Co-25. ONi-5. 26 Fe
1-B-17 65Co-30Ni-5Fe 64. 74Co-30. ONi-5. 26 Fe
1-B-8 85Co-5Ni~10Fe 84, 52Co0-4.99Ni-10. 49Fe
1-B-9 80C.-5Ni-15Fe 9. 32Co-4. 98Ni-15. TONi
1-B-10 75C0-5Ni-20Fe . | 74. 17Co-4. 96Ni-20, 87Fe
1-B-11 70Co-5Ni-25Fe 69. 0Co-4. 96Ni-26. 0Fe
1-B-~12 65C0-5Ni~30Fe 64, 2Co-4. 96Ni-31. 1Fe
1-B-13 86Co-5Fe-5Ni-3Ti-1Al 84. 18Co-5. 16 Fe-4. 91Ni-3. 61Ti-2. 14Al
1-B-14 81Co-5Fe-10Ni-3Ti-1Al 79.27Co-5. 16Fe-9, 82Ni-3. 61Ti-2. 14Al
1-B-15 76C0-5Fe-15Ni-3Ti-1A1 74, 36C0-5. 16 Fe-14. T3INi-3. 61Ti-2. 14Al
1-B-21 76. 5C0-20Ni-2Ti-0.5Al1-1.0Zr 75.92Co0-19, 92Ni-2, 44Ti-1, 08A1-0, 64Zr
1-B-22 77. 3Co-20Ni-2Ti-0. 5A1-0. 2Zr 76. 49Co0-19. 87Ni-2, 43Ti-1. 08A1-0. 132r
1-B-23 77.5C0-20Ni-2Ti-0, 5Al 76. 64C0-19. 85Ni-2, 43Ti-1. 08Al
[-B-24 76C0-20Ni-3Ti-1Al 74, 55C0-19. 69Ni-3, 62Ti-2, 14Al
1-B-25 71Co-5Fe-20Ni-3Ti-1Al 69. 45Co0-5. 16Fe-19. 64Ni-3. 61Ti-2. 14Al
1-B-26 66Co-10Fe-20Ni-3Ti-1Al 64, 39Co0-10. 29Fe-19, 59Ni-3, 60Ti-2. 13Al
1-B-27 81Co-15Ni-3Ti-1Al 79, 47Co-14. 77Ni-3. 62Ti-2. 14Al
1-B-28 71Co-10Fe-15Ni-3Ti-1Al 69.28Co0-10. 30Fe-14. 69Ni-3, 60Ti-2. 13Al
1-B-29 175. TCo-5Fe-15Ni-3. 8Ti-0. 5A1 74. 37Co-5. 18Fe-14. 79Ni-4. 59Ti-1. 07Al
1-B-30 76. 3Co-5Fe-15Ni-2. 2Ti-1. 5Al 74. 36Co-5. 14Fe-14, 67Ni-2, 64Ti-3. 19A1
1-B-31 76. 6Co-5Fe-15Ni-1. 4Ti-2. 0Al 74, 35Co0-5. 12Fe-14. 62Ni-1. 67Ti-4. 24Al

(a) All alloys listed in this table were made by the levitation melting technique as described in Section II-B. 1.
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TABLE II-18.

Nominal Compositions of Cobalt-Base Alloys

Used in the Screening Tests(a) (Continued)

Alloy
Number

Nominal Alloy Composition
(weight percent)

Nominal Alloy Composition
(atomic percent)

1-B-32

1-B-33

1-B-34

1-B-35

1-B-36

1-B-37

1-B-38

{-B-39

1-B-40

1-B-41

1-B-42

1-B-43

1-B-44

1-B-45

1-B-46

75. 8Co-5Fe-15Ni-2, 2Ti-1. 5A1-0. 5Z2r

70, 8Co-5Fe-15Ni-2. 2Ti-1. 5A1-0. 5Zr-5Cu

70, 8Co-5Fe-15Ni-2, 2Ti-1. 5Al-0. 5Zr-5Mn

73. 8Co-5Fe-15Ni-2. 2Ti-1. 5A1-0. 5Zr-

2Si

75. 3Co-5F¢-15Ni-2. 2Ti-1. 5A1-0, 5Zr--

0. 5Be

70. 8Co-5Be-15Ni-2. 2Ti-1. 5A1-0. 5Zr-
5Cr

70. 8Co-5Fe-15Ni-2. 2Ti-1. 5A1-0. 5Zr-
SW

70. 8Co-5Fe-15Ni-2. 2Ti-1. 5A1-0. 5Zr-
5Ta

70, 8Co-5Fe-15Ni-2, 2Ti-1. 5A1-0. 52r-
5Mo

70. 8Co-5Fe-15Ni-2, 2Ti-1. 5A1-0. 5Zr-
5V

70. 8Co-5Fe~15Ni-2. 2Ti-1. 5A1-0. 52r-
SNb

71Co-5Fe-15Ni-2. 2Ti-1. 5A1-0. 3Zr-5Ta

73Co0-5Fe-15Ni-2, 2Ti-1. 5A1-0. 32r-3Ta

71. 7Cv-5Fe~15Ni-1, 5Ti-1. 5A1-0. 3Zr-~
5Ta

76Co-5Fe-10Ni-2. 2Ti-1. 5A1-0. 3Zr-5Ta

73.99Co0-5. 15Fe-14, TONi-2. 64Ti-3. 20Al-
0.322r

69. 36Co-5. 17Fe-14. T5Ni-2. 65Ti-3. 21 Al-
0. 32Zr-4.54Cu

68. 87Co-5. 13Fe-14. 65Ni-2, 63Ti-3. 19Al-
0. 31Zr-5.22Mn

70. 47Co-5. 04Fe-14. 39Ni-2. 59Ti-3. 13Al-
0.312Zr-4.07Si

71.57Co0-5.02Fe-14. 31Ni-2, 57Ti-3. 11Al-
0.312r-3.11Be

68. 66Co-5. 12Fe-14, 60Ni-2. 63Ti-3. 18Al-
0.312r-5.50Cr

71.48Co-5. 33Fe-15. 20Ni-2. 73Ti-3. 31Al-
0.33Zr-1.62W

71.46Co-5, 33Fe-15. 20Ni-2, 73Ti-3. 31Al1-
0.33Zr-1.64Ta

T70. 44Co0-5.25Fe-14. 98Ni-2. 69Ti-3. 26Al-
0.322r-3. 06 Mo

68. 6Co-5. 11Fe-14. 59Ni-2. 62Ti-3. 17Al-
0.312r-5.60V

70. 37Co-5. 24Fe-14. 97Ni-2. 69Ti-3. 26 Al-
0.322r-3.15Nh

71.62Co0-5. 32Fe-15. 19Ni-2. 73Ti-3. 30Al-
0.20Zr-1.64Ta

72.66Co-5.25Fe-14, 98Ni-2. 69Ti-3, 26 Al-
0.19Zr-0.97Ta

72. 44Co-5. 33Fe-15. 21Ni-1. 86Ti-3. 31Al~
0.202r-1.65Ta

76. 67Co0-5. 32Fe-10. 13Ni-2. 73Ti-3. 31Al-
0.202r-1.64Ta

(a) All alloys listed in this table were made by the levitation melting technique as described inSectionII-B,
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TABLE II-19. Composition of 300-Gram Vacuum Arc Melted
Cobalt-Base Alloys 1-B-V-1 to 1-B-V-6
(2) Nominal Composition (weight percent)
Alloy .

Number Fe Co Ni Ta Ti 1 A{ w Cu C Zr
1-B-V-1 5 71.7 15 5 1.5 1.5 - - - 0.3
1-B-v-2 5 80.5 10 3 - 1.2 - - - 0.3
1-B-v-3 5 76.3 12 4 1.0 1.4 - - - 0.3
1-B-vV-4 5 73.5 15 5 - 1.2 - - - 0.3
1-B-V-5 5 78.2 10 5 - 1.5 - - - 0.3
1-B-V-6 5 74.0 15 3 1.5 1.2 - - - 0.3

i _
(b) Analyzed Composition (weight percent)

Ailoy - ) 7 .

Number Fe Co Ni Ta Ti Al w Cu C Zr
1-B-V-1 5.0 1.4 14.6 5.20 1.66 1.44 | 0.010 0.29 . 0030 0.27
I-B-v-2 4.8 79.2 10.3 3.07 0.2 1.19 | 0.008 0.018 . 0036 0.27
1-B-V-3 4.9 76.0 11.9 4.05 1.07 1.40 | 0.029 0.087 . 0039 0.26
1-B-v-4 5.1 72.8 14.8 5.19 <0.2 1.25 |<0.005 0.018 . 0045 0.26
1-B-V-5 5.0 77.0 9.85 5.30 0.2 1.60 | 0.11 0.023 . 0047 0.27
I-B-V-6 4.8 73.8 15.0 3.10 1.66 1.19 | 0.12 0.013 . 0046 0.24
(¢) Analyzed Composition (atomic percent)

Alloy ) 7
_Ijggl)e__{‘l Fe Vcn . ,Nl ] Ta Ti 7 Al w Cu C Zr
1-B-V-1 5.34 bal 14.83 1.71 2.07 3.18 - - - 0.18
1-B-v-2 5.09 bal 10.39 1.00 - 2.61 - - - 0.19
1-B-vV-3 5.20 bal 12.02 1.33 1.32 3.08 - - - 0.17
1-B-vV-4 5.48 bal 15.12 1.72 - 2.78 - - - 0.17
1-B-V-5 5.35 bal 10.03 1.75 - 3.55 - - - 0.18
1-B-V-6 5.02 bal 14.92 1.00 2.02 4.31 - - - 0.15
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TABLE II-20. Composition of Final Cobalt-Base Alloys
Vacuum Induction Melted as 15-Pound Ingots

(a) Nominal Composition (weight percent)

Allo
Numbgr Fe Ni Co w Ta Al Ti Zr Be B E i Qe
1-B-S-1 5 15 73.55 - 5.0 1.25 - 0.2 - 0.001 - -
1-B-S§-2 5 15 73.55 - 5.0 1.25 - 0.1 0.1 {0.001 - -
(b) Analyzed Composition (weight percent)
Allo
Numbgr Fe Ni Co w Ta Al Ti 4 Zr Be B C Ce
1-B-S-1 5.8 15.3 | 71.3 - 4,98 1.28 - 0.21 - 0.003 | 0.0062 -
1-B-S-2 5.2 15.2 | 72.4 - 4.98 1.36 - 0.12 | 0.065/0.002 [0.0062]0.006
(¢} Analyzed Composition (atomic percent)
Alloy
Number Fe Ni Co w Ta Al Ti Zr Be B C Ce
1-B-S-1 6.22 15.60 bal - 1.65 2.84 - 0.14 - - - -
1-B-S-2 5.55 15.43 bal - 1.64 3.00 - 0.08 [0.43 - - -

The alloys containing addition elements were subjected
to magnetic saturation measurements (see table II-21)
at room temperature after annealing for one hour and
guenching in o0il. Then the samples were aged for one
hour at 1292°F (700°C) to provide precipitation harden-
ing and tested again at room temperature and at 1112°F
(600°C). The measured saturation values are presented
in this report as magnetic moment per gram (¢) which
may be converted to the approximate saturation induc-
tion (Bg) by the equation Bg = 4n0s. The density §

was not determined for the experimental alloys. A
value of 8.8g/cc was used for the cobalt-base alloys.
In only a few cases did the values of magnetic satu-
ration differ noticeably when measured at room temper-
ature before and after aging. The results (table II-21)
show that in the more complex alloys, nickel and iron
have the same relative influence on magnetic saturation
as they have in the ternary alloys. All other elements
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TABLE II-21.

Saturation Magnetic Moment of Cobalt-Base
Alloys with Additions (a)

Saturation Magnetic Moment (emu/g)(b)

After Annealing
One Hour at

After Aging One Hour at

2012°F (1100°C) 1292°F (700°C)
Alloy Nominal Alloy Composition Tested at Room | Tested at Room Tested at

Number (weight percent) Temperature Temperature | 1112°F (600°C)
1-B-13 86Co-5Fe-5Ni-3Ti-1Al 146 142 109
1-B-14 81Co-5Fe-10Ni-3Ti-1Al 142 137 106
1-B-15 76Co-5Fe-15Ni-3Ti-1Al 136 132 102
1-B-21 76.5C0-20Ni-2Ti-1Zr-0. 5Al 128 128 105
1-B-22 T77.3C0-20Ni-2Ti-0.2Zr-0.5Al 131 132 108
1-B-23 77.5C0-20Ni-2Ti-0.5A1 132 132 102
1-B-24 76Co-20Ni-3Ti-1Al 124 123 100
1-B-25 71C0-20Ni-3Ti-1A1-5Fe 128 128 100
1-B-26 66C0-20Ni-3Ti-1Al1-10Fe 134 134 100
1-B-27 81Co-15Ni-3Ti-1Al 128 128 103
1-B-28 71Co-15Ni-3Ti-1Al-10Fe 137 137 102
1-B-29 75.7Co0-15Ni-3.8Ti-0. 5A1-5Fe 132 131 104
1-B-30 76.3C0-15Ni-2.2Ti-1. 5A1-5Fe 134 133 103
1-B-31 76.6Co-15Ni-1.4Ti-2. 0A1-5Fe 136 136 104
1-B-32 75.8Co0-15Ni-5Fe-2.2Ti-1.5A1-0.52r 133 132 103
1-B-33 70.8Co-15Ni-5Fe-2. 2Ti~1.5A1-0. 5Zr-5Cu 124 125 93
1-B-34 70.8Co0-15Ni-5Fe-2.2Ti-1. 5A1-0. 5Zr-5Mn 122 122 65
1-B-35 73.8Co0-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr-28i 120 118 79
1-B-36 75.3Co0-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr-0.5Be 128 128 97
1-B-37 70.8Co0-15Ni-5Fe-2.2Ti-1.5A1-0. 5Zr -5Cr 99 99 32
1-B-38 70.8Co0-15Ni-5Fe-2.2Ti~1.5A1-0,5Zr-5W 117 115 84
1-B-39 70.8Co0-15Ni-5Fe-2.2Ti-1. 5A1-0.5Zr-5Ta 116 116 90
1-B-40 70.8Co-15Ni-5Fe-2.2Ti-1. 5A1-0. 5Zr-5Mo 110 107 70
1-B-41 70.8Co-15Ni-5Fe-2.2Ti-1.5A1-0. 5Zr-5V 103 97 62
1-B-42 70.8Co-15Ni-5Fe-2. 2Ti-1. 5A1-0. 5Zr-5Nb 109 108 82
1-B-43 T1Co0-15Ni-5Fe-2.2Ti-1. 5A1-0. 3Zr-5Ta 119 117 90
1-B-44 73Co-15Ni-5Fe-2.2Ti-1.5A1-0. 3Zr-3Ta 124 122 95
1-B-45 71.7Co0-15Ni-5Fe-1.5Ti-1. 5A1-0.3Zr-5Ta 122 122 94
1-B-46 76Co-10Ni-5Fe-2.2Ti-1.5A1-0. 3Zr-5Ta 123 122 93

(a) For the saturation magnetic moment of binary and ternary cobalt alloys see Figure II-11,
(b) To convert saturation magnetic moment to the approximate induction in gauss, multiply the
listed value by 110.
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added to form the complex alloy reduce the magnetic
saturation at both room and elevated temperatures as
compared to the simple ternary alloys. At room tem-
perature, the influence of chromium, columbium and
vanadium are most pronounced in reducing the magnetic
saturation (see table II-21). At 1112°F (600°C), the
influence of chromium is by far the greatest of all
addit.ion elements. Manganese and vanadium have a strong
influence at this temperature. The effect of the other
elements on magnetic saturation were balanced against
their effect on strength for the analytical evaluation.

The hardening response of alloys to which the various
elements and combinations of elements were added was
determined by isochronal aging (see section II.B.4.).
Samples were aged for one hour at each 90°F aging in-
terval from 932°F (in the case of the levitation melts)
or 1202°F (for the larger melts) to 1382°F or 1472°F.
Vickers pyramid hardness and coercive force were meas-
ured at room temperature after each one-hour aging in-
terval.

Data obtained from several representative cobalt-base
alloys are plotted in figure II-12. The maximum values
of room temperature hardness, which were measured dur-
ing this aging sequence, are listed in table II-22 to-
gether with the aging temperature where maximum hard-
ness was obtained. The room temperature coercivity is
listed for the same aging temperature. The data indi-
cate that higher nickel content, when addition elements
remain constant result in higher hardness values. A
decrease in the aluminum to titanium ratio, when total
Al+Ti expressed in atomic percent stays constant, also
results in an increase in hardness. This agrees with
the results obtained by Mihalisin and Decker for ter-
nary Ni-~-Al-Ti alloys (ref. II-23). The addition of
iron decreases the hardness if the other additions re-
main constant. Addition of zirconium also increases
hardness. Evaluation of the results from alloys 1-B-32
to 1-B-42 show that additions of Be, W, Ta, Mo, and Nb
increase the maximum hardness value substantially. On
the other hand the additions of Cu, Si, and V produce
only a moderate increase of hardness. If Mn or Cr are
added to a similar Co-Ni-Fe matrix with the Al and Ti
additions, lower hardness wvalues are obtained than the
compositions in the absence of Mn or Cr.

It may be noted in table II-22 that the temperature at

which maximum hardness was obtained during isochronal
aging changed as the alloying additions were changed.
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TABLE II-22.

Levitation-Melted Cobalt Base Alloys

Results of Isochronal and Isothermal Aging Tests on

Isochr-wal Tests

Isotaermal Tests
{After 100 hours)

1292 (700°C)

|
E

T

Aging
emperature ! Room
i at which Maximum I Temperature i Room .
I Maxmum Room Coercivity | Room Temperature | Discontinuous
| ! Hardness Temperamre% at Maximum ‘ Temperature | Coercivity Precipitate
EYHAS Nomeat Allov Composition was uvbtained | Hardness! Hardness Hardness Heig0 (volume
Nuniber L (weight percent) B ] (C (VHNy,) (Oe} (VHN100) (Oe) percent)
L " '
Niveo Audos f 73.4C0-23 4N1-0 3Fe-1.7Ti-0.4A1- ! | : } _ : |
N 0.2Zr-0.38:-0.3Mn l 1202 i 650 272 3.9 | 303 ) 17.0 , 10 |
t —1
1-B-13 E 86Co-5Ni-3Fe-3T1-1Al ' 1112 1 600 218 ! 1.62 ! 220 ; T J 4 )
1-B-14 81C0-10Ni-53Fe-3T1-1Al ' 1292 § 700 239 2.45 I 260 : 8.5 ! 4
1-B-15 l 76Co0-15N1-3Fe-3Ti-1Al ' 1292 1 700 273 : 3.36 : 290 P 10.5 : 5 |
: = - ‘ i —
1-B-21 I 76.5C0-20N1-2T1-0. 5A1-12Zr v 1292 . 700 329 7.65 . 346 15.1 4
1-B-22 | 77.3C0-20N1-2T3-0.5A1-0.2Zr i 1292 | 700 309 5.00 ! 331 11.0 . 3.
1-B-23 I 77.5C0-20N1-2T:1-0, 5Al © 1202 650 280 ; 3.03 ' 325 10.8 13
1-B-24 | 76Co-20Ni-3Ti-1A1 11292, 700 327 i 6.41 ! 351 . 15.2 ‘ 17
1-B-25 | 71Co-20Ni1-5Fe-3T1-1Al : 1292 1 700 290 ‘ 4.3 | 332 7.8 ' 6
1-B-26 66C0-20N1-10Fe-3T1-1Al 1292 | 700 270 3.3 ) 310 i 5.0 ! 2.
1-B-27 | 81Co-15Ni-3Ti-1Al 1292 @ 700 | 310 ! 3.8 325 : 15.1 9
1-B-28 71Co-15Ni-10Fe-3T1-1Al 1292 | 700 258 3.4 ’ 289 I 4.7 1:
1-B-29 | 75.7C0-15Ni-5Fe-3 8T1-0.5Al 1292 1 700 ' 303 ! 3.5 ! 340 | 10.0 5
1-B-30 76.3Co-15Ni-5Fe-2. 2T1-1. 5A1 | 1292 700 | 239 I 3.1 ' 269 | - 4.6 ‘ 1
1-B-31 76,6Co-15Ni-5Fe-1.4Ti-2.0Al . 1202 GSOL 209 1.9 | 221 b 3.0 ! 0
1-B-32 75.8C0-15Ni-5Fe-2 2Ti-1.5A1-0.5Zr * 1292 ' 700 264 i 3.8 : 297 8.7 f 0
1-B-33 | 70.8Co-15N1-3Fe-2 2T1-1.5A1-0.52r- | | . .
5Cu 1202 | 650 | 280 | 4.0 { 301 17.0 1 0
1-B-44 ‘ 70.8Co-15Ni1-3Fe-2. 2T1-1.5AL-0. 53Zr - i 1 ;
| SMn L, 1112 7 600 224 | 2.5 - - -
1-B-35 73.8Co-15N1-5Fe-2,2T1-1.5A1-0.5Zr-; J i
'2si | 1112 600 293 ) 5.0 : 282 29.0 0
1-B-36 I 75.3Co-15N1-5Fe-2.2T1-1.3A1-0 52r- I .
| 0.5Be 1382 750 333 1 42.0 3717 82.0 1
1-B-37 i 70.8Co-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr- [ ]
j 5Cr | 1202 | 650 | . 256 | 3.0 ‘ 269 8.4 | 0
1-B-34 , 70 8Co-15N1-5F¢ -2, 2T1-1.5A1-0.5Zr - ' i
5W ‘ 1382 l 750 328 3.3 : 378 10.5 ! 1
1-B-39 70 8Co-15N1-3Fe-2. 2Ti-1.5A1-0. 32r - , ,‘ I ‘
5Ta I 1382 | 730 383 7.1 J 420 19.0 ‘ 0.
1-B-40 70.8C0-15N:-5Fe-2. 2T1-1. 5A1-0. 5Zr - ’ ; :
5Mo 1292 700 330 f 5.85 | 389 32.0 ! 0
1-B-41 70 8Cn-15N1-5F¢-2.2Ti-1,5A1-0.52r - ‘ i
5V 1202 650 287 3.3 | 337 38.0 | 0
1-B-42 70 8Co-15Ni-5Fe-2.2T1-1.5A1-0.52r- i | H -
SNDL 1382 750 437 200 440 | 93.0 0
1-B-43 71Co-15N1-5Fe-2,2Ti-1. 5A1-0 32r- | | T
5Ta 1382 750 393 7.2 422 34.0 0
1-B-44 73Cu-15N1-5Fe-2.2T1-1. 5A1-0. 3Zr- | ’ ‘ .
3Ta 1382 730 339 . 4.9 402 21.0 0
1-B-43 71 7Co-13N1-3Fe-1.5T1-1.3Al- )
0 32r-5Ta 1382 750 385 6.8 420 22.0 0
1-B-46 76Cu-10N1-5Fe-2.2T1-1. 5A1-0 32Zr-
5Ta 1382 730 380 6.9 431 28.5 0




Additions of Mn, Si, Cr, and V reduced this temperature,
while Be, W, Ta and Nb additions increased this temper-
ature to 1382°F (750°C). A very large coercive force
value is associated with the maximum hardness values in
alloys with Be and Nb additions. One might conclude
that these effects depend on the solubilities of the
added elements which are in turn dependent on the vari-
ous comhinations of elements. However, a contribution
arise  from the change in strength and coherency strains
of the precipitate when its composition is altered by
the presgsence of different elements.

After isochronal aging, most of the samples were homog-
enized by a double heat-treatment and isothermally aged
as described in section II.B.4. The samples were aged
at 1292°F (700°C) for 100 hours. Room temperature hard-
ness and coercive force were measured at several inter-
vals and after 100 hours. Plots of the results from
several typical alloys are shown in figure II-13., The
long aging treatments produce higher hardness and coer-
cive force values. In the case of Ta and Nb additions
hardness in excess of 400 VHN was attained. The room
temperature coercive force of the alloys containing Be
or Nb additions were as high as 82 or 93 oersteds. No
overaging was observed in any of those alloys during
aging at 1292°F (700°C).

b. SELECTION AND EVALUATION OF INTERMEDIATE VACUUM
ARC MELTED ALLOYS

A comparison of the data obtained from the screening
tests of the cobalt-base alloys, listed in tables II-
21 and II-22 with those from the screening tests of the
martensitic iron-base alloys (tables II-10 and II-11)
showed that hardness values and values of magnetic
saturation of the cobalt-base alloys were substantially
lower. However, the temperature at which the maximum
hardness was obtained was much higher; in some in-
stances even 1382°F (750°C), which indicates that the
permissible service temperature in this type of alloy
may be 270°F higher than the martensitic alloys. Under
these circumstances, it appeared fruitful to study this
system further in spite of the inferior values of mag-
netic saturation and hardness compared to the marten-
sitic alloys.

If a superficial comparison of hardness and magnetic
saturation values obtained in the experimental alloys
is made with those of the final commercial Nivco alloy,
one might conclude that no substantial improvement was
obtained in the experimental alloys. The value of mag-
netic saturation induction of Nivco alloy at 1112°F
(600°C) was Bg = 11,000 gauss (o = 100 emu/g).

66



The hardness value in the final heat treatment condi-
tion was about 320 to 340 VHN. No experimental alloys
attained hardness and saturation values which were si-
multaneously larger than these values for Nivco alloy.
However, such a comparison neglects two important facts.
First, the hardness in the Nivco alloy material is ob-
tained by a lengthy heat treatment and can in no way

be compared to hardness values obtained by the rather
simpl2 aging treatment applied during this study. There-
fore, a sample of Nivco alloy was heat treated accord-
ing to the aging routine used throughout the present
program. In this case the hardness obtained in Nivco
alloy reached only 300 VHN after the isothermal aging
of 100 hours at 1292°F (700°C). Secondly, one should
not neglect the fact that Nivco alloy contains about

15 percent discontinuous precipitate after its final
heat treatment. Such discontinuous precipitate con-
tributes to the measured values of hardness and short
time tensile strength (refs. II-24 and II-25). It 1is,
however, detrimental to long-term creep strength.

A requirement was established during the development
of the screening program. No discontinuous precipitate
was tolerated after isothermal aging for 100 hours at
1292°F (700°C). A simple comparison of the hardness
of an alloy having no discontinuous precipitate to a
Nivco alloy sample with 10 or 15 percent discontinuous
precipitate is therefore meaningless. However, the
creep strength of an alloy with the same or even lower
hardness with no discontinuous precipitate may be far
superior to the creep strength obtained in Nivco alloy
provided that the other parameters are similar.

A further improvement of some of the experimental al-
loys is indicated by the temperature at which the maxi-
mum hardness was obtained during the isochronal aging.
A temperature of 1202°F (650°C) was obtained for the
Nivco alloy sample. In some of the experimental alloys,
this temperature was as high as 1382°F (750°C). Using
this temperature parameter as the criterion, alloy
selection was confirmed to 1-B-36, 1-B-38, 1-B-39,

and 1-B-42 to 1-B-46.

These alloys exhibited high hardness values. However,
the magnetic saturation values at 1112°F (600°C) were
less than that of Nivco alloy. The coercive force
values measured in alloys 1-B-36 and 1-B-42 after iso-
thermal aging at 1292°F (700°C) were high. The data
indicates that the addition of Ta+Ti+Al to the cobalt-
base alloys were the most beneficial. It is interest-
ing to note that a combination of the same elements
produced the best results in the martensitic alloys.
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This result warrants more careful analysis. A more
detailed analysis of this observation follows.

The addition of 2.2Ti+1.5A1+0.3 to 0.5Zr (nominal
weight percent) to the cobalt-base alloys was the most
effective for providing high-hardness without discon-
tinuous precipitate. The further addition of 0.5Be,
5W, 5la, or 5Nb increased maximum hardness and temper-
ature during isochronal aging and also increased the
hardness after isothermal aging for 100 hours 1292°F
(700°C). The increments in hardness, together with
the associated increment in coercive force and decre-
ment in magnetic saturation with reference to alloy
1-B-32, are listed in table II-23. 1In order to learn
which of the additions increase hardness with the least
reduction of magnetic saturation and with the least
increase of coercive force, the ratios of the incre-
ments are also listed in this table. The highest ra-
tio of hardness increment to saturation decrement was
obtained for the beryllium addition. Tantalum showed
the next highest ratio and the tungsten addition was
the lowest. The highest ratio of hardness increment
to coercive force increment was obtained for the tung-
sten addition; tantalum was next and beryllium was by
far the lowest. The tantalum addition, therefore, is
the best choice. These ratio values definitely de-
pend on the amount of the alloying additions. For
this reason extrapolation of this type of preference
must be made with caution if an appreciable change is
made in the amount of the alloying addition.

The 1-B-39 alloy remains too low in magnetic satura-
tion - about 10 percent lower than Nivco alloy, while
its hardness values appear quite high. The results
obtained from alloys 1-B-43 to 1-B-46 should show which
element might be reduced to give the largest increase

in magnetic saturation associates with the smallest
sacrifice in hardness. These results were analyzed in

a manner similar to that described above for alloys
1-B-36, 1-B-38, 1-B-39, and 1-B-42. The increments

and decrements for alloys 1-B-44 to 1-B-46 with refer-
ence to alloy 1-B-43 and the various ratios are listed
in table II-23. 1In this case, the reduction of elements
which produces the lowest values in ratios was regquired.
It was shown that the reduction of the titanium content
increased the saturation with the smallest sacrifice in
strength.

With these results the alloy compositions for the 300-
gram button melts could be chosen. As mentioned above,
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TABLE II-23.

Increments and Decrements of Room Temperature Properties of

Alloys 1-B-36, 1-B-38, 1-B-39, 1-B-42, and 1-B-44 to 1-B-46

Changes in Selected Alloys Relative to Alloy 1-B-32 (75. 8Co-15Ni-5Fe-2.2Ti-1.5A1-0. 5Zr)

Effect of Isochronal Aging One
Hour at 1382°F(750°C)

Effect of Isotherm~1 Aging 100 Hours

at 1292°F(700°C)

Change In Change in
Composition Change in Change in Change in Coercive
{4 Comp. Change Hardness Coercive Hardness Force After
in nominal in After Aging| Force After (@ ®) After Aging Aging 100 AH H
Alloy weight  |Saturation 1 Hour Aging 1 Hour (AHI ) (AHI 100 Hours Hours 100] 4 %100
Number| percent) (a o) (8 Hy) (AH.{) v A_H—c—l (A HIOO) (A HCIOO) Ao AHCIOO
1-B-36 | +0.5Be -6 + 89 +38.2 14.8 2.33 80 73.3 13.3 1.1
1-B-38 | +5W -19 + 64 + 1.5, 3.4 42.8 81 1.8 3.4} 45
1-B-39 | +5Ta -13 +119 + 3.3 9.1 36.0 123 10.3 9.5 12
1-B-42 { +5Nb -21 +169 +16.2 8.1 10.5 143 84.3 6.9 1.7
Changes in Selected Alloys Relative to Alloy 1-B-43 (71Co-15Ni-5Fe-2. 2Ti-1. 5A1-0, 3Zr-5Ta)
1-B-44 | -2Ta + 5 - 54 - 2.3 10.8 23 -20 -13 4 1.5
1-B-45 | -0.7Ti + 4 - 8 - 0.4 2 20 -2 -12 0.5 0.17
1-B-46 | -5Ni + 3 - 13 - 0.3 4.3 43 + 9 - 5.5 3 1.63

(a) Increment in hardness per unit decrement in saturation. (Indication of hardening
effectiveness of element compared its reducing action on saturation. )

(b) Increment in hardness per unit decrement in coercive force.
which element promotes hardening with the smallest increase in coercive force. )

(To determine




some uncertainties existed concerning the actual amount
of alloy composition of the levitation melts; and sec-
ondly, some adjustment of composition appeared desirable
to obtain an even better balance of magnetic saturation
and hardness than obtained in alloy 1-B-45. Therefore,
the six alloys for the larger melts were chosen to cover
a range of composition with the composition of 1-B-45
as the upper limit. From these compositions equations
were cbtained to define the linear relationship between
properties and the weight percent additions of Ni, Al,
Ti, and Ta while keeping Fe fixed at five weight per-
cent and Zr at 0.3 weight percent nominal addition.

The limits listed below were chosen on the assumption
that within these narrow limits the independent linear
relationship was a justified approximation. Further-
more, the previous results indicated that this range

is sufficient to vary the saturation by more than 20
percent: nickel, 10 to 15 weight percent; titanium,

0 to 15 weight percent; aluminum, 1.2 to 1.5 weight
percent; and tantalum, 3 to 5 weight percent. Again
the values of element additions in the alloys corres-
pond with the limits of variation except for one alloy
which has a composition corresponding to the center of
the ranges of variation. The compositions of the vac-
uum-arc melted cobalt-base alloys, 1-B-V-1 through
1-B-V-6, are listed in table II-19.

The hardness and coercive force (table ITI-24) results
obtained from these 300-gram button vacuum-arc melts
indicate that the alloys were chosen successfully.

The analyzed compositions of the six vacuum-arc melted
cobalt-base alloys (table II-19.b) were in close agree-
ment with the nominal compositions. . The only excep-
tions were tantalum which was generally 0.1 to 0.2
weight percent higher than expected and titanium which
was generally about 0.1 weight percent higher.

The results of magnetic saturation measurements made
on samples from the 300-gram buttons are listed in
table IT-25. Saturation of the aged samples was meas-
ured at room temperature, 1112°F (600°C) and 1202°F
(650°C). Samples of the cobalt alloys were annealed
for one hour at 2012°F (1100°C) and aged for one hour
at 1292°F (700°C) before testing.

Results obtained from coercive force measurements on
samples of the 300-gram buttons are shown in table II-
26. Coercive force was measured at several tempera-
tures. Two samples were taken from each of the cobalt
alloys for measurements. One sample was aged for one
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TABLE II-24. Maximum Hardness Obtained by the Isochronal
Aging of Vacuum Arc Melted Cobalt-Base
Alloys 1-B-V-1 to 1-B-V-6

— .. R e - i —
Aging Temperature Maximum Temperature
at Which Maximum Total Room Coercivity at
Room Temperature Aging( ) Temperature Maximum

Alloy Nominal Ailoy Composition Hardness was Obtained Time @ Hardness Hardness
Number (weight gefcﬁeinit) (°F) {°C) (hours) (VHN) (oersteds)
1-B-V- 1\ 71.7Co-5Fe-15Ni- 1. 5Ti-~ 1. 5Al1-0. 3Zr- 1382 750 6 354 4.7

5Ta

1-B-V-2 | 80.5Co-5Fe-10Ni-1.2A1-0.3Zr-3Ta 1382 750 6 248 3.1

1-B-V-3 | 76.3Co-5Fe-12Ni-1.0Ti-1.4Al-0.3%2r- 1382 750 6 307 3.6

4Ta

1-B-vV-4 73.5Co-5Fe- 15Ni- 1. 2A1-0.3Zr-5Ta 1382 750 6 323 3.6

1-B-V-5 | 78.2Co-5Fe-10Ni-1.5A1-0.32r-5Ta 1382 750 6 303 3.9

1-B-V-6 74Co-5Fe- 15Ni- 1. 5Ti- 1. 2A1-0. 3Zr- 1382 750 6 313 3.4

3Ta

(a) Total aging time may be determined by adding one hour time for each 90°F (50°) increment in temperature
starting at 842°F { 10°C).

TABLE II-25. Magnetic Moment of 300-Gram Vacuum Arc Melted
Cobalt-Base Alloys 1-B-V-1 to 1-B-V-6

Saturation Magnetic Moment (emu/g)(a)
After
Annealing
One Hour After Annealing one Hour at
at 2012°F 2012°F (1100°C) and Aging
(1100°C) One Hour at 1292°F (700°C)
Tested at Tested at Tested at | Tested at
Allay Nominil Alloy Compaosition Room Room 1112°F 1202°F
Number (weight percent) Temperature Temperature| (600°C) (650°C)
1-B-V-1 71.7Co-5Fe-15Ni-1, 5Ti-1,5A1-0.3Zr-
5Ta 123 119 91 87
1-B-V-2 { 80.5Co-5Fe-10Ni-1, 2A1-0,3Zr-3Ta 144 144 114 108
1-B-V-3 76, 3Co-5Fe-12Ni-1. 0Ti- 1, 4A1-0, 32r-
4Ta 132 130 102 97
1-B-V-4 73.5Cn-5Fe-15Ni-1, 2A1-0, 3Z2r-5Ta 133 134 106 101
1-B-V-5 | 78.2Co-5Fe-10Ni-1,5A1-0,3Zr-5Ta 135 135 105 100
l-B-V-6 | 74Cu-5Fe-15Ni-1, 5Ti-1. 2A1-0,3Zr-
3Ta 130 128 100 94
(0} To convert Lhe saturation magnetic moment to the approximate induction in gauss, multiply the
listed value by 110,
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TABLE II-26. Coercive Force Measurements on 300-Gram Vacuum-
Arc Melted Cobalt-Base Alloys 1-B-V-1 to
1-B-v-6 at Different Temperatures

Coercive Force (Oersteds)

Annealed One Hour at 1832°F (1000°C); Then
Aged One Hour at 1382°F (750°C) Before Testing

Test Temperature

Alloy Nominal Alloy Composition Room {1022°F [1112°F [1202°F [Room (@)
Number (weight percent) Temp. |(550°C)| (600°C) | (650°C) [Temp.

1-B-V-1{71.7Co-5Fe-15Ni- 1. 5Ti-1. 5A1-0. 3Zr-

5Ta 3. 2.2 1.6 1.5 -~
1-B-V-2 | 80.5Co-5Fe-10Ni-1. 2A1-0. 32r-3Ta 3.0 1.4 1,2 0.95 | --
1-B-V-3 | 76. 3Co-5Fe-12Ni-1. 0Ti- 1. 4A1-0. 3Zr-

4Ta 2.8 1.5 1.0 0.85 | --
1-B-V-4 |73.5Co-5Fe- 15Ni-1. 2A1-0. 3Zr-5Ta 2.9 1.4 0. 90 0.65 | --
1-B-V-5 | 78. 2Co-5Fe- 10Ni- 1, 5A1-0. 3Zr-5Ta 2.6 1.3 0.88 0.77 | --
1-B-V-6 | 74Co-5Fe-15Ni-1. 5Ti- 1. 2A1-0.3Zr-3Ta} 2.8 1.5 0.99 0.88 | --

Annealed One Hour at 1832°F (1000°C); Then
Aged 100 Hours at 1392"F: (_'_700°C)Vngort_a T_esglg_

1-B-V-1[71,7Co-5Fe-15Ni-1. 5Ti-1. 5A1-0. 32r-

5Ta 26.0 11.0 9.2 8.3 25.0
1-B-V-2 | 80.5C0-5Fe-10Ni-1. 2A1-0. 32r-3Ta 6.7 3.4 2.5 2.3 6.3
1-B-V-3 | 76. 3Co-5Fe-12Ni- 1. 0Ti- 1. 4A]1-0. 3Zr-

4Ta 12.4 5.6 4.8 3.7 12.2
1-B-V-4 |73, 5Co-5Fe- 15Ni- 1, 2A1-0. 32r-~5Ta 10.6 5.0 3.4 2.8 10.3
1-B-V-5 | 78. 2Co-5Fe- 10Ni- 1. 5A1-0. 3Zr-5Ta 9.3 4.2 4.3 2.7 9.0
1-B-V-6 | 74Co-5Fe-15Ni-1, 5Ti-1. 2A1-0.3Zr-3Ta| 14.2 6.5 5.0 4.1 13.6

(a) Room temperature resulis shown in the last column were measured after elevated
temperature measurements were made.

hour at 1392°F (750°C) before testing; the other sam-
ple was subjected to isothermal aging for 100 hours at
1292°F (700°C) before testing. In the case of the iso-
thermally aged samples, coercive force was remeasured
at room temperature after measurements at higher tem-
peratures. The results indicate a slight reduction of
coercive force value due to the tests at temperature.

Results of tensile tests which were obtained on samples
from the 300-gram buttons are shown in table II-27.
Cobalt alloys were annealed one hour at 1832°F (1000°C);
then machined to size and aged for one hour at 1382°F
(750°C) before testing. The hardness of each sample
was measured at room temperature before the test. This
value is also shown in table II-27. The table lists
yield stress at 0.2 percent plastic elongation, the
ultimate tensile stress, the uniform elongation, and
the reduction of area at fracture. Tensile tests were
performed at room temperature and at 1112°F (600°C).
Samples were held for 15 minutes at temperature before
the start of testing. Tests at 1112°F (600°C) were
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TABLE

I1-27. Tensile Tests(a@) of 300-Gram Vacuum Arc Melted Cobalt Base
Alloys 1-B-V-1 to 1-B-V-6

Room
Temperature 0.2 Ultimate |Uniform

Hardness Test Yield Tensile | Elonga- Reduction

Alloy Nominal Alloy Composition 50 kg Load | Temperature | Strength | Strength tion of Area

Number (weight percent) (VHN) °F °C (psi) (psi) (percent) | (percent)
1-B-V-1| 71,7Co-5Fe-15Ni-1,5Ti-1. 5A1-0.3Zr-5Ta 3C5 i) 25 120 800 178 000 19.3 41.6
1-B-V-2 | 80.5C0-5Fe-10Ni-1, 2A1-0.3Zr-3Ta 230 7 235 68 800 115 200 36.5 54,1
1-B-V-3 | 76.3Co-5Fe-12Ni-1.0Ti-1,4Al-0.3Zr-4Ta 317 17 25 106 800 160 000 22.7 42,17
1-B-V-4 | 73. 5Co-5Fe-15Ni-1. 2A1-0. 3Zr-5Ta 327 7 25 110 800 158 800 19,7 41.0
1-B-V-5 | 78, 2Co0-5Fe-10Ni-1. 5A1-0.3Zr-5Ta ! 313 ' 1 25 110 000 155 600 22.3 49,3
1-B-V-6 | 74Co-5Fe-15Ni-1,5Ti-1, 2A1-0.3Zr-3Ta i 323 i 7 25 111 200 | 166 800 23.3 42,17
1-B-V-1|171.7Co-5Fe-15Ni-1, 5Ti-1, 5A1-0, 3Zr-5Ta 361 ! 1112 | 600 102 400 141 600 12,2 29.1
1-B-V-2 |80, 5Co-5Fe-10Ni-1, 2A1-0.3Zr-3Ta 226 l 1112 , 600 46 400 l 84 000 14,9 17.0

' '

1-B-V-3 |76, 3C0-5Fe-12Ni-1. 0Ti-1. 4A1-0.3Zr-4Ta | 317 !1112 600 91 200 127 600 13.9 35.4
1-B-V-4 | 73.5Co-5Fe-15Ni-1. 2A1-0,3Zr-oTa 325 11112 600 93 200 128 400 11.5 32.3
1-B-V-5 (78, 2Co0-5Fe-10Ni-1, 5A1-0, 3Zr-5Ta 316 G1112 600 89 200 [ 122 000 11.9 28,0
1-B-V-6 |74Co-5Fe-15Ni-1, 5Ti-1. 2A1-0.32r-3Ta 320 1112 600 92 400 126 000 13.0 25,0

{a) Samples were annealed one hour at 1832 F (1000°C), machined to size and aged for one hour at
1382°F (150°C) before testing.
) Measured at room temperature after the thermal treatment, but before the tensile test.




conducted in argon. The cobalt-base samples were quite
ductile at both room temperature and at elevated tem-
perature.

Hot-hardness values for samples from the 300-gram but-
tons are shown in table II-28. Samples of the cobalt
alloys were annealed one hour at 1832°F (1000°C) and
aged for one hour at 1382°F (750°C) prior to testing.
The temnperature dependence of hardness of alloy 1-B-V-4
is shown in figure II-14.

The cobalt-base alloys, which were melted in the form
of 300-gram buttons, were chosen from the range of com-
positions as outlined previously.

The following requirements were set previously for the
selection of suitable alloys from the screening program
and applicable in the selection of the final alloys:

1) No discontinuous precipitate should occur
during isothermal aging of 100 hours at
1292°F (700°C).

TABLE II-28. Hot Hardness Measurements (2) on Samples of 300-
Gram Vacuum-Arc Melted Cobalt-Base Alloys
1-B-vV-1 to 1-B-V-6 after Annealing One
Hour at 1832°F (1000°C) and Aging One
Hour at 1382°F (750°C)

Hot Hardness (VHN)
Test Temperature
Alloy Nominal Alloy Composition 1112°F 1202°F

Number (weight percent) (600°C) | (650°C)
1-B-V-1 71,7Co-5Fe-15Ni-1.5Ti-1. 5A1-0,3Zr-5Ta 192 270
1-B-V-2 | 80.5Co-5Fe-10Ni-1,2A1-0.3Zr-3Ta 106 132
1-B-V-3 | 76.3Co-5Fe-12Ni-1.0Ti-1.4Al1-0.3Zr-4Ta 246 249
1-B-V-4 | 173,.5C0-5Fe-15Ni-1.2A1-0.3Zr-5Ta 292 257
1-B-V-5 | 78.2Co-5Fe-10Ni-1.5A1-0,32r-5Ta 229 242
1-B-V-6 74Co-5Fe-15Ni-1,5Ti-1,2A1-0.3Zr-3Ta 156 248
(a) All measurements were made under vacuum of 2 x 10~9 torr at a load of 2.5 kG.
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FIGURE II-14. Hot Hardness vs. Temperature of Alloy 1-B-V-4
After Annealing One Hour at 1832°F (1000°C)
and Aging at 1112°F (600°C). Test
Load 2.5 kG.

2) The temperature at which maximum hardness is
obtained during isochronal aging should be
1382°F (750°C) or higher.

The listed requirements were fulfilled in all the 300-
gram cobalt-base alloys except 1-B-V-2 which did not

meet reguirement 2. Apparently, the alloying content
was too low in that alloy. Within the given range of
additions; Ta: 3 to 5 weight percent, Al: 1.2 to 1.5

weight percent, Ti: 0 to 1.7 weight percent, the most
suitable combination that produces the best balance of .
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magnetic saturation, hardness, and coercive force must
be found. Alloy 1-B-V-4 exhibits a good combination
of properties. Aamong the 300-gram experimental alloys,
the hardness data from alloy 1-B-V-4 were second best;
the magnetic properties were also second best.

The results confirm the previous results from the 25-
gram ingots that showed the addition of Al+Ta gave a
better balance of hardness, yield strength, and mag-
netic properties than those including Ti in the alloy-
ing content.

The influence of alloying elements may be expressed
analytically in the following equation:

Magnetic saturation (o) expressed as emu/g
= 102-0.5(8Ni)+3.6(%21)-7.0(%3Ti)-3.0(%Ta)
Hardness expressed in VHN = 120+6 (%Ni)+80
(2A1)+16 (3T1i)+9 (%Ta)

However, these expressions must be considered with some
caution. The number of alloys tested before deriving
the equation was not large enough to provide adequate
significance to the results. In addition, the varia-
tion of aluminum content in the test alloys is too small
to place any significance to the coefficients obtained
for aluminum content. The standard error for this coef-
ficient is greater than 100 percent. The computer anal-
ysis would indicate that an alloy with no Ti, but con-
taining Ni, Al, and Ta at the upper 1limit, would produce
the best balance of hardness and saturation.

Selection and Evaluation of the Final Vacuum Induction
Melted Alloys

a. ALLOY SELECTION

The exploratory study on this program defined the final
ferritic alloy composition in the following manner:

Ni: 11 to 13 weight percent, Co: 25 to 35
weight percent, Cr: up to two weight percent
by replacing two weight percent Ni with one
weight percent Cr, Ta: 2 to 3 weight percent,
W: up to one weight percent, Ti: 0.3 to 0.4
weight percent, Al: 0.3 to 0.5 weight per-
cent, Fe: balance.

Alloys 1-A-V-3 and 1-A-V-4 (table II-7a) were selected
for the final alloys with some minor modifications.
The alloys were vacuum induction melted in the form

of 15-pound ingots (see section II.A.6).
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Alloy 1-B-vV-4 (table II-19a) was selected as the com-
position having the best combination of properties
among the cobalt-base alloys. Alloy 1-B-S-1 was vac-
uum induction melted to duplicate that alloy. Alloy
1-B-S-2 was a modification of alloy 1-B-S-1 obtained
by adding a small amount of beryllium. The nominal
and analyzed compositions of the four final alloys
are shown in table II-20. The analyzed compositions
were vary near the nominal compositions.

Results of the isochronal aging of samples made from
the four final ferritic and cobalt alloys are plotted
in figure II-15. The two ferritic samples (1-A-S-1
and 1-A-S-2) were annealed one hour at 1832°F (1000°C).
The isochronal aging sequence started at 932°F (500°C).
Aging time was one hour with 90°F (50°C) increments in
temperature. The highest isochronal aging temperature
for the ferritic alloys was 1202°F (650°C). Both co-
balt-base samples (1-B-S-1 and 1-B-S-2) were annealed
one hour at 1832°F (1000°C). The isochronal aging se-
quence started at 1202°F (650°C), with an aging time
of one hour. The temperature was then successively
increased in increments of 90°F (50°C) to 1472°F (800°C)
which was the highest aging temperature applied to the
cobalt-base alloys.

The maximum values of room temperature hardness meas-
ured during the isochronal aging sequence are listed
in table II-29 together with the aging temperature,
where maximum hardness was attained. The room temper-
ature coercivity is listed for the same aging temper-
ature.

Results of the isothermal aging tests of the final alloys
are plotted in figures II-16, II-17, and II-18. The sam-
ples for isothermal aging tests were annealed one hour at
1832°F (1000°C) before testing.

Two samples were taken from each of the ferritic alloys.
One sample was aged at 1012°F (550°C) after annealing;
the other sample was five percent cold reduced after
annealing. Then aging at 1012°F (550°C) was started.
The results are compared for alloy 1-A-S-1 in figure
II-16 and alloy 1-A-S-2 in figure II-17. Five percent
reduction by cold rolling had reduced the value of co-
ercive force between 10 and 15 oersteds. After iso-
thermal aging 100 hours, the values of coercive force
increased, but the value of the five percent cold
rolled sample was still 10 oersteds lower. The change
of hardness was not influenced by cold working. The
influence of the small plastic strain is similar to the
behavior observed in 15 percent Nickel maraging steel.
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TABLE II-29. Maximum Hardness Obtained by the Isochronal

Aging of the Final Alloys Vacuum Induction
Melted as 15~Pound Ingots (a)

o - Aging
Temperature
At Which Room
Maximum Room Maximum Temperature
Temperature Total Room Coercivity
Hardness Agin&) Temperature At Maximum
Alloy Nominal Alloy Composition Was Obtained Time D) Hardness Hardness
Number (weight percent) °F °C (hours) (VHN) (oersteds)
I;A—S- 1 50. 3Fe-15Ni-30Co- 1W-3Ta-0. 3A1-0. 4Ti+0, 001B+0. 003Zr| 1112 600 4 664 32
1-A-S-2 53. 2Fe- 12Ni-30Co- 1W-3Ta-0. 4A1-0, 4Ti+0, 001B+0, 003Zr{ 1112 600 4 643 31
1-B-8-1 73.55C0-5Fe-15Ni-1, 25A1-5,0Ta-0.2Zr-0, 001B 1382 750 6 311 3.3
1-B-8-2 73.55C0-5Fe-15Ni-1, 25A1-5, 0Ta-0. 1Zr-0. 1Be-0. 001B 1382 750 6 313 3.1
(a) See Figure 11-15
(b) Total aging time may be determined by adding one hour agingtime for each 90°F (50°C) increment in temperature starting at
932°F (500°C).

Results of isothermal aging at 1292°F (700°C) of the
cobalt-base alloys are plotted in figure II-18. The
results of magnetic saturation measurements on the
final four alloys are listed in table II-30.

A comparison of test results obtained on samples of the
300-gram vacuum-arc melted buttons and the final 15-pound
vacuum induction melted ingots are shown in tables II-31
and II-32. The results from the ferritic alloys are

shown in table II-31. The results on alloys 1-A-S-1 and
1-A-S-2 were similar to that obtained on alloys 1-A-V-3
and 1-A-V-4. However, alloy 1-A-V-3 and 1-A-V-4 showed
better stability than the final alloys. The lower alumi-
num content in the final alloys can be regarded as respon-
sible for this behavior. The coercive force of 1-A-vV-3
was lower than the final alloys which is due to the lower
cobalt content. Therefore, the 15-pound heats of the
alloys cannot be regarded as optimum alloys. However,
they give a good combination of properties well within

the established range of requirements. The alloy 1-A-S-2
is superior to alloy 1-A-S-1 as far as high magnetic satu-

.ration, low coercive force, and stability are concerned.

Alloy 1-A-S-2 was therefore selected for the final evalua-
tion.
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TABLE II-30. Saturation Magnetic Moment of the Final Alloys Vacuum
Induction Melted as 15-Pound Ingots
Saturation Saturation
Magnetic Magnetic
Moment Moment
(emu/g)(@) {emu/g)
Treatment | Tested at | Treatment Tested Tested at
Alloy Nominal Alloy Composition Before Room Before at Room 1112°F
Number (weight percent) Testing [Temperaturg  Testing Temperature| (600°C)
1-A-8-1 50, 3Fe-15Ni-30Co-1W-3Ta-0. 3A1-0. 4Ti+0, 001B+0. 003Zr| Annealed 192 Annealed then 195 162
one hour aged one hour
1-A-5-2 | 53.2Fe-12Ni-30Co-1W-3Ta-0.4Al-0,4Ti+0. 001B+0. 003Zr| at 1832°F 197 at 1112°F 200 171
(1000°C) (600°C)
1-B-8-1 73.55Co-5Fe-15Ni- 1, 25A1-5, 0Ta-0. 2Zr-0. 001B Annealed 138 lAnnealed then 135 104
one hour Rged one hour
1-B-§-2 73.55Co-5Fe-15Ni-1, 25A1-5, 0Ta-0. 1Zr-0, 1Be-0,001B | at 2012°F 132 pt 1292°F 134 102
(1100°C) (700°C)

(a) To convert the saturation magnetic moment to the approximate induction in gauss, multiply
the listed values for alloys 1-A-S-1 and 1-A-S-2 by 100 and alloys 1-B-S-1 and 1-B-S-2 by 110.
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TABLE II-31.

Properties of Ferritic Alloys 1-A-V-1 to 1-A-V-6

and 1-A-S-1 and 1-A-S-2

z

Aged One !
Hour at
1112°F(600°C)| Temperature
Measured at at Which Max- Room A%ggZ"lg?S?g‘:lé)s at
1112°F(600°C)| imum Room Maximum |Temperature Change in
Saturation Temperature Room Coercivity Room Room Hardness
Magynetic Hardness(b) Temperature| At Maximum Temperature | Temperature After 100
Alloy Analyzed Composition Moment(a) Was Obtained Hardness Hardness Hardness Coercivity Hours Aging
[Number {weight percent) (emu-g) (°F) (°C) (VHN) (oersteds) (VHN) (oersteds) (percent)
1-A-V-1 | Fe-14,6Ni-29.2Co0-~0. 56Al- ;
0.49Ti-2,15W-4,5Ta 160 1112 600 | 732 35 746 62.5 -0.5
1-A-V-2 | Fe-9.57Ni-20. 1Co-0. 63Al- i
0.53Ti-3.56Ta 172 1022 3950 570 22 512 30 -13.5
1-A-V-3 | Fe-11.4Ni-25,0C0-0.61Al-
0.52Ti-1,00W-4.06Ta 166 1022 550 641 ' 30.5 630 42.5 -4,1
= t
1-A-V-4 | Fe-14,8Ni-29.4Co-0. 64Al1- ! ;
0.52Ti-3.48Ta 168 1112 ! 600 [ 670 ' 35 683 48.5 -2.3
1-A-V-5 | Fe-14,5Ni-29,8Co0-0,62Al- ! E
0.54Ti-2, 10W-3. 48Ta 161 1112 | 600 f 704 37 721 62.5 -0.4
! !
1-A-V-6 | Fe-4.66Ni-5.19Cr-25.7Co-
0.64A1-0, 49Ti-1,18W-3.56